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ABSTRACT
This thesis is  divided in to  two main parts. The f i r s t  part 
which extends to Chapter 6 , deals w ith estimating settlements on 
sand using resu lts  o f  penetration tes ts . Chapters 1 to 4 deal w ith 
the deformation cha rac te ris t ics  o f sand deposits. The s tre ss -s tra in  
behaviour o f sand is  explained. The factors which influence the de for­
mation behaviour o f  sand are reviewed together with the methods of 
determining the deformation cha rac te r is t ics  and the stress d is t r ib u ­
t ion  theories. I t  is  found tha t the deformation o f a sand, subjected 
to load depends on a large number o f  variables and fo r  th is  reason, 
the s tre ss -s tra in  behaviour is  exceedingly complex.
Chapters 5 and 6 deal w ith the pred ic tion  o f  settlement o f  
structures on sand, using the resu lts  o f the Standard Penetration and 
Quasi-Static (Dutch) Cone tes ts . Some o f the widely used methods are 
reviewed. A study is  carried out on 26 case records, in  order to 
examine how the methods worked and to determine th e i r  v a l id i t y .  The 
resu lts  o f the study show tha t none o f the methods is  accurate and 
generally many o f the methods overestimate settlements.
The second part o f  th is  thesis which extends from Chapters 7 to 
15 involves an experimental programme which studies some o f the 
factors a ffec t ing  the dynamic penetration resistance o f  a saturated 
f in e  sand. Emphasis is  focused on two fa c to rs , namely the in fluence 
o f overconsolidation on dynamic penetration and pore water pressures 
generated during dynamic penetration tes t in g .
A comprehensive l i te ra tu re  review o f the main topics o f  the 
experimental research is  presented. Previous work on the construction 
o f ca l ib ra t io n  chambers is  presented. A review is  given on the e ffec ts
o f preconsolidation on penetration resistance o f  sand and the genera­
t io n  o f pore water pressure during dynamic penetration te s t in g .
Penetration tests are carried out in the labora tory, both in  a 
small apparatus and in  a large ca l ib ra t io n  chamber. A major pa rt o f 
the research is  devoted to the design, construction and commissioning 
o f the tes t ing  equipment.
Detailed descrip tion o f the tes t ing  chamber and the penetrometer 
is  given in Chapter 11. Details o f converting the two Rowe c e l ls  to 
form a so il  container are given in Chapter 12.
Other laboratory tests have included c la s s i f ic a t io n  te s ts ,  maximum
and minimum dens it ies , K - consolidation tests and drained t r ia x ia l
o
tes ts .
The penetration te s t  resu lts  show tha t overconsolidation o f  a sand 
specimen does have an e f fe c t  on the penetration resistance. I t  is  
however shown tha t the com press ib il ity  o f the sand specimen is  not 
re f lec ted  in  the penetration resistance; and i t  is  thought th a t fo r  
th is  reason, the pred ic tion  o f settlements based on penetration tes t ing  
is  usually inaccurate.
The measurement o f  pore water pressures generated during dynamic 
penetration has given in te res ting  re su lts .  The resu lts  ind ica te  tha t 
the density o f  the specimen has a cruc ia l influence on the generated 
pore pressures. High pos it ive  pore pressures with long durations 
develop in  specimens prepared in a loose s ta te . L iquefaction can 
occur in  these specimens as a re s u lt  o f  such high pos it ive  pore pressures. 
In specimens prepared in  dense or very dense sta tes, genera lly only 
negative pore pressures are observed.
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NOTATION
A ll symbols are id e n t i f ie d  where they f i r s t  appear in the 
te x t .  For convenience the meanings o f the most commonly used 
symbols are l is te d  below.
ENGLISH SYMBOLS
B Width o f  foo ting
Bo Reference width (0.6 m)
C Compressib ility c o e f f ic ie n t
CD Factor fo r  influence o f excavation
Ck.d S ta t ic  cone resistance
CN Correction fa c to r  fo r  va r ia t ion  o f e ffe c t ive  overburden pressure
CT Factor fo r  influence o f thickness o f  compressible layer
CW Factor fo r  influence o f water table
D Depth o f foundation
Df Depth o f foo ting
Dw Depth o f water table from ground surface
dr Relative density
E Modulus o f e la s t ic i t y
EP
Pressuremeter modulus
e Void ra t io  in the natural state
emax Void ra t io  in the loosest state
emin Void ra t io  in  the densest state
Gs Specific  g rav ity  o f p a rt ic les
I Influence fac to r
! z Vertica l s tra in  influence fa c to r
I Peak s tra in  influence fa c to rzp
Kq C oe ff ic ien t o f earth pressure at res t
M Modulus o f  com press ib il ity
M One dimensional moduluso
mv C oe ff ic ien t o f volume com press ib il ity
N Standard penetration blow count
N' Corrected N-value
N Measured N-valuem
P Met foundation pressure
P Reference loada
P  ^ L im it pressure
P Net load on platen r
P 1 E ffec t ive  overburden pressure
AP Net increase in  foundation pressure
q Contact pressure beneath plate
q& Allowable bearing pressure
q S ta t ic  cone resistancex
r  Distance to centre o f ca v ity .
r  Radius o f the penetrometero
rp Radius o f p la s t ic  zone .
s Dimensionless settlement number
S Settlement o f a foo ting
SQ Settlement o f  a square p late w ith BQ = 0.3 m
t ,  Time in  yearsy r
Z Depth o f e la s t ic  medium
AZ Thickness o f compressible layer
GREEK SYMBOLS
cc Stress exponent, constant
6 Settlement o f a screw p la te , foundation
£ Stra in
eaea Axial e la s t ic  s tra in
Xc ,Xd Shape factors
V Poisson's ra t io
p Settlement o f foo ting
pb Bulk density
pd Dry density
pmax Maximum dry density
pmin Minimum dry density
aa Axial e f fe c t ive  stress
aH Horizontal e f fe c t ive  stress
av V ertica l e f fe c t ive  stress
Angle o f in te rna l f r i c t io n
O) Moisture content
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CHAPTER 1
GENERAL ASPECTS OF STRESS-STRAIN BEHAVIOUR OF SANDS
1.1 MECHANISM OF STRAIN
The deformation o f a sand, subjected to a given set o f  stresses, 
depends on a large number o f variab les, and fo r  th is  reason the s tress- 
s tra in  behaviour o f  sand is  exceedingly complex. Fundamentally there 
are two mechanisms in  granular s o i ls :  f i r s t  the e la s t ic  - p la s t ic  
deformation (and crushing) o f  ind iv idua l p a r t ic le s ,  and secondly, the 
re la t iv e  movement between pa rt ic le s  as a re s u lt  o f s l id in g  or r o l l in g  
between them. These two mechanisms are always interdependant.
The array o f  p a rt ic le s  shown in Fig. 1.1 would be stable under the 
applied forces i f  the p a rt ic les  were r ig id  and did not s l id e  re la t iv e  
to each other. But actual p a rt ic le s  are not r ig id  and hence deformation 
o f the pa rt ic les  w i l l  cause s l ig h t  movements o f  the array, leading to 
collapse o f the p o te n t ia l ly  unstable array - s l id in g  and ro l l in g  
between p a rt ic les  generally makes the most important con tr ibu tion  to 
the overa ll deformation o f  the sand mass.
The deformation behaviour o f granular so i ls  has been studied 
over many years both a n a ly t ic a l ly  and experimentally. Several s im p l i f ie d  
mathematical models have been proposed to explain the in te rac tions  
between p a r t ic le s .  Hertz (1881) derived a mathematical expression which 
re la tes the normal force compressing two spheres o f  equal radius w ith 
the radius and e la s t ic  constants o f the spheres. Reynolds (1885) 
considered packings o f smooth, uniform r ig id  spheres in  formulating his 
concept o f "d i la tancy". More recently  Duffy and M indlin (1957) and 
Deresiewicz (1958) developed a theory fo r  two e la s t ic  spheres o f  equal
ra d i i  in contact to analyse and pred ic t s tra ins o f granular media.
Jaky (1944), Hendron (1963) and Schmidt (1966) studied a n a ly t ic a l ly  
the behaviour o f  granular media. Hendron (1963) and Schmidt (1966) 
fu r th e r  dealt w ith e la s t ic  spheres o f equal r a d i i .  Rowe (1962) 
developed a theory which considers the d ila tancy and strength o f a 
regular assembly o f  r ig id  spheres. The d ila tancy and strength was 
found to depend mainly on the angle o f f r i c t io n  (f> between the p a r t ic le  
surfaces. Skinner (1969) however reported tha t the technique used by 
Rowe to measure in te rp a r t ic le  f r i c t io n  was not accurate because p a r t ic le  
ro l l in g  occurred in the shear tests conducted by Rowe.
The deformations w ith in  an actual so i l  are fa r  too complex to be 
analysed by any simple mathematical model. At any in s ta n t during the 
deformation process, d i f fe re n t  mechanisms may be acting in d i f fe re n t  
parts o f an element o f s o i l .  At any one spot w ith in  the element, the 
re la t iv e  importance o f the d i f fe re n t  mechanisms may change as the 
deformation process continues. Nevertheless, the simple models serve 
a very useful ro le  by providing a basis fo r  in te rp re t in g  experimental 
resu lts  fo r  actual s o i ls .
1.2 STRESS-STRAIN BEHAVIOUR DURING CONSTRAINED COMPRESSION
Constrained compression or the condition o f zero la te ra l  s t ra in  
is  a common s itu a t io n  in nature. I t  occurs during the o r ig in a l depositi 
o f a so i l  by sedimentation probably, but not sand. I t  also occurs 
during placement o f f i l l  material on large areas and by lowering in  the 
level o f ground water tab le . This condition occurs in  a number o f 
engineering problems fo r  example under f i l l s  o f large extents and under 
the centre o f foundations o f large areas i . e .  large storage tanks.
Constrained compression studies on sands have been carr ied  out 
by Roberts and De Souza (1958), Hendron (1963), Schmidt (1966) and
others. Hendron (1963) carried out constrained compression tests on 
four d i f fe re n t  sands up to high ve r t ica l stresses. Fig. 1.2 shows a 
typ ica l s tre ss -s tra in  behaviour o f  a coarse angular, s i l i c a  sand 
during constrained compression. The s tre ss -s tra in  curves in  general 
are nonlinear curves which are concave upward a t low pressures. As
higher pressures are applied, however, a po in t is  reached where 
crushing o f the pa rt ic le s  causes the s tre ss -s tra in  curve to become 
concave downwards.
Lambe and Whitman (1969) suggested tha t the s tre ss -s tra in  behaviour 
o f a sand in constrained compression should be considered in  three 
stages. F i r s t  an i n i t i a l  stage where the s tre ss -s tra in  curves are 
concave upwards. Thus the sand gets s t i f f e r  and s t i f f e r  as the level 
o f  stress increases. This form o f s tre ss -s tra in  behaviour is  ca lled  
" locking" and is  very ch a ra c te r is t ic  o f granular s o i ls .  As the stress 
is  increased, f i r s t  loose packings o f p a rt ic les  collapse, and the 
denser packings then fo llow . This resu lts  in  a more t ig h t l y  packed, 
hence s t i f f e r  arrangement o f p a r t ic le s .  F in a l ly  a stage is  reached 
in which the contact points between the pa rt ic le s  begin to crush.
The second stage begins as the s tre ss -s tra in  curve s ta r ts  to develop 
a reverse curvature and becomes concave downwards. This y ie ld in g  is  
the re s u lt  o f f ra c tu r in g  and crushing o f ind iv idua l sand p a r t ic le s ,  
which permits large re la t iv e  movement between p a r t ic le s .  The stress 
level a t which fra c tu r in g  and crushing o f p a r t ic le s  occur is  ca lled  
the c r i t i c a l  stress and depends on sand type and i n i t i a l  r e la t iv e  density
o f  the sand (Hendron, 1963). The th i rd  stage s ta r ts  when new p a r t ic le s  
are formed as a re su lt  o f  f ra c tu r in g  and crushing. Since the number 
o f p a r t ic le s  has now increased, the average force per contact has 
ac tu a lly  decreased. Thus the sand once again becomes s t i f f e r  and 
s t i f f e r  as the stress increases s t i l l  fu r th e r .
In most engineering problems, the stress levels are usually 
small enough so tha t p a r t ic le  crushing is  r e la t iv e ly  unimportant. 
Usually crushing only becomes important when stresses exceed 7000. kN/m^ 
(1000 ps i) (Lambe and Whitman, 1969). Stresses greater than th is  
magnitude are encountered in  very high earth dams. The fra c tu r in g  and 
crushing o f  p a r t ic le s  have been studied by Roberts and De Souza (1958), 
Lee and Farhoomand (1967), Hendron (1963), and Vesic and Clough (1968).
The behaviour o f  sand during unloading and reloading in  a 
constrained compression te s t  is  shown in  Fig. 1.3. Only a port ion  o f 
the s tra in  tha t occurs during primary loading is  recovered during 
unloading. The s tra ins  tha t re s u lt  from s l id in g  or crushing o f 
p a rt ic le s  are la rge ly  not recoverable. The rebound caused by unloading 
is  mainly due to e la s t ic  energy stored w ith in  sand p a r t ic le s  as the 
so il  is  loaded i n i t i a l l y .  Some o f th is  rebound is  also caused by 
reverse s l id in g  between p a rt ic le s  during unloading.
As the sand is  reloaded in  the second cycle, the re su lt ing  
s tra ins  are much smaller than those which re s u lt  from primary loading, 
since most o f  the s l id in g  between p a rt ic les  has already occurred 
during the primary loading. As the v e r t ic a l stresses pass the maximum 
stress from the primary loading, the shape o f  the stress s tra in  curve 
is  esse n tia l ly  the same as i f  the sand had not been unloaded and 
reloaded.
Fig-1-1 Collapse of an unstable array 
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1.2.1 Lateral Stresses During Constrained Compression
During constrained compression, the p a r t ic le  movements are 
generally in  one d ire c t io n . The tangential forces o f contacts between
p a rt ic le s  on any horizontal surface can be summed up to give a sing le
resu ltan t tangential force, having a v e r t ic a l component and a horizontal 
component. The horizontal stresses are usually d i f fe re n t  from the
v e r t ic a l stresses, and the ra t io  o f  horizontal to ve r t ica l stress i s ’ 
defined as the c o e f f ic ie n t  o f earth pressure a t re s t ,  designated as Kq .
The c o e f f ic ie n t  o f  earth pressure a t res t was f i r s t  introduced 
dnd defined by Donath (1881), who made early  attempts to measure Kq 
experimentally. Later, Jamieson (1904) studied the d is t r ib u t io n  o f  
loads on the side o f grain s i lo s .  He used rubber diaphragms a t the 
bottom and walls o f the s i lo s ,  and connected these diaphragms to water 
manometers. He obtained values o f Kq varying between 0.54 - 0.64 
depending on the depth o f  the grain in the s i lo .
As the p r in c ip le  o f e f fe c t iv e  stresses became f u l l y  understood 
the c o e f f ic ie n t  o f earth pressure a t res t was redefined as the ra t io  
between the la te ra l and v e r t ic a l e f fe c t ive  stresses in  a so i l  consolidated 
under conditions o f no la te ra l deformation. (Bishop, 1958).
Laboratory experimental measurements o f la te ra l pressures o f 
sands have been carried out by many workers fo r  example Gersevanoff 
(1936), Bishop and Henkel (1957), Davis and Poulos (1963),
Hendron (1963) and Sutton (1979). Sutton used an automatic 
computerized programmable t r ia x ia l  te s t  to simulate the KQ condition
in the conventional t r ia x ia l  c e l l .  Typical resu lts  are shown in
Fig. 1.4.
Jaky (1944) developed the fo llow ing equation to re la te  the
angle o f in te rna l f r i c t io n  <f> and KQ, fo r  a mass o f  sand bounded by a
natural cone:-
Kq = (1 -  sin <f>) 1 + 2/3 sin <t> 1 . 1
1 + sin
fo r  most p rac tica l values o f  <J> ; Jaky s im p lif ie d  eq. 1.1 to :
K = 0.9 (1 - s in <j> ) 
o 1 . 2
equation 1 . 2  has been fu r th e r  s im p li f ie d  by many workers to i t s
present well known form N
K = 1 - s in d> ___o 1.3
The v a l id i t y  o f  th is  expression has been accepted by many 
investigators  fo r  example Simons (1958) and Brooker and Ire land (1965)
Hendron (1963), however showed tha t fo r  sands w ith 'round p a r t ic le s  
o f uniform s ize, the re la t ionsh ip  between <f> and Kq f i t s  very c lose ly  
his theore tica l expression derived fo r  a medium o f uniform spheres.
K _ 1 o —
A  A
1 +  8 - 3  8 sin
1 - / 6  + 3 / 6  s in (j)
8 8
1.4
Experimental resu lts  o f  Kq p lo tted  against sin <f> and representing 
equations 1.3 and 1.4 are shown in Fig. 1.5, which ind icates tha t there 
is  no unique re la t ionsh ip  between Kq and sin <{>. Other inves tiga to rs  
have also shown tha t K0 is  not a unique function o f  the e f fe c t iv e  angle 
o f shearing resistance <f> . (Andrawes and El-Sohby, 1973, Daramola 1978).
The influence o f stress h is to ry  on the c o e f f ic ie n t  o f  earth pressure
at re s t has been studied by many inves tiga to rs  (Hendron 1963, Brooker
and Ire land 1965, Wroth 1972, 1975, Daramola 1978). Generally i t  is
found tha t K increases as the overconsolidation ra t io  increases, 
o
A typ ica l va r ia t ion  o f Kq w ith OCR is  shown in  Fig. 1.6.
1.3 STRESS-STRAIN BEHAVIOUR DURING TRIAXIAL COMPRESSION
Typical re la tionsh ips between s tress, s tra in  and volume change in 
a series o f drained t r ia x ia l  compression tests on samples o f  f in e  
uniform sand are shown in Fig. 1.7. The two sets o f the curves 
(Fig. 1.7 a,b) i l l u s t r a te  the e f fe c t  o f increasing confin ing pressure 
on the s tre ss -s tra in  and volume change cha rac te r is t ics  o f  samples o f  
the same sand prepared to the same i n i t i a l  density. In Fig. 1.7a, 
a l l  samples were i n i t i a l l y  prepared to an equal re la t iv e  density o f  
100%. I t  is  shown tha t increasing confin ing pressure on dense sand, 
increases the s tra in  to fa i lu re  and i t  decreases the tendency to 
d i la te .  At high confin ing pressures however, the samples decrease in 
volume even i f  they were prepared a t 100% re la t iv e  density. This 
decrease in volume throughout the te s t  may be a tt r ib u te d  to p a r t ic le  
crushing a t high confin ing pressures.
The curves in Fig. 1.7b show tha t a t low pressures, the tendency 
fo r  d i la t io n  in  loose sands is  not so strong as in dense sands, while 
a t high pressures, the tendency fo r  compression is  greater.
For the dense specimens in Fig. 1.7a, the s tre ss -s tra in  curves 
have a pronounced peak, (except a t high confin ing pressures) and the 
pr inc ipa l stress ra t io  decreases fo llow ing the peak. On the other hand, 
the corresponding curves fo r  the loose specimens do not have a peak, 
and the p r inc ipa l stress ra t io  increases slowly u n t i l  maximum stress is  
reached and the rea fte r remains nearly constant w ith fu r th e r  s t ra in in g .
I t  is  to be noted tha t in  the u lt im ate condition ( i . e  a t  large 
axia l s tra ins ) there w i l l  be no fu r th e r  volume change in  a l l  specimens 
whether prepared loose or dense. The void ra t io  a t th is  stage is
independent o f  the i n i t i a l  void ra t io ,  and a l l  the specimens w i l l  
u lt im a te ly  have s im ila r  void ra t ios  even though the i n i t i a l  void 
ra t ios  may be d i f fe re n t .
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CHAPTER 2
FACTORS AFFECTING THE DEFORMATION BEHAVIOUR OF SAND DEPOSITS
2.1 INTRODUCTION
The pred ic tion o f the behaviour o f a sand deposit subjected to 
external loads is  o f in te re s t  to the geotechnical engineer. I t  is  
however the settlement o f a s tructure  ra ther than i t s  s t a b i l i t y  tha t 
is  o f prime concern to the engineer. Thus the com press ib il ity  o f a 
sand must be determined in order to be able to ca lcu la te the settlements 
caused by loads applied to the deposit. The com press ib il ity  o f sands 
is  usually expressed by the modulus o f  com press ib il ity  or as a c o e f f ic ie n t  
o f volume com pressib il ity .
This chapter reviews the factors which can influence the deformation 
behaviour o f granular s o i ls .  D if fe re n t approaches have been used in  
reviewing the factors which a f fe c t  the sand com press ib il ity . For example 
Daramola (1978) considered the top ic  under two broad headings:- 
a- Stress-dependent factors which are due to external loads applied 
or in -s i tu  stresses in the deposit, 
b- Material-dependent factors which are due to the physical properties 
o f the grains which consitute the sand mass, fo r  example, shape, 
s ize, mineral composition and e la s t ic  properties o f  the ind iv idua l 
grains. Also included in  th is  category are the in fluence o f 
anisotropy and heterogeneity o f the deposits.
Chapman (1979) used two d i f fe re n t  approaches in reviewing the 
factors a ffec t ing  sand com press ib il ity .
a- The micro approach: Where the deposit can be studied as an
assemblage o f p a r t ic le s ,  and the com press ib il ity  o f the sand mass 
is  then determined from ind iv idua l p a r t ic le  behaviour.
b- The macro approach: Where the sand mass can be treated as a
whole and i t s  behaviour assessed from mass properties.
In th is  chapter, some o f the important factors are reviewed 
under separate headings. Factors which are less re la ted to the 
ob ject o f  the present thesis are discussed b r ie f ly .
2.2 EFFECT OF RELATIVE DENSITY
Burmister (1948) defined re la t iv e  density as a powerful tool in 
the in te rp re ta t io n  and corre la t ion  o f  so i l  behaviour. He also spe lt 
out tha t re la t iv e  density not only provides a common s c ie n t i f i c  basis 
fo r  comparing the u n it  weight and degree o f  compactness o f one so il  
w ith tha t o f another so il  o f  qu ite  d i f fe re n t  character, but also 
brings the behaviour cha rac te r is t ics  o f so i ls  together on a common 
basis in consistent and p ra c t ic a l ly  useful re la t ionsh ips .
The re la t iv e  density can be defined by the fo llow ing equations 
emax - e -----  2 .1
Dr =
emax - emin
and
where
dr  = fms* x Pd .^ l i -  x ioo • • • •  2 - 2
pd pmax - pmin
6max = void ra t io  in the loosest s tate 
emin = void ra t io  in  the densest state 
e = void ra t io  in  the natural state 
Pmax = dry density in  the densest state 
pmin = dry density in the loosest state 
pd = dry density in  the natural state
The e f fe c t  o f  re la t iv e  density on the deformation o f sand has 
been studied by many workers fo r  example Chen (1948) Schultze and 
Moussa (1961), Hendron (1963), Makhlouf and Stewart (1965), Domaschuk 
and Wade (1969), Al-Hussaini (1972), and Breth et al (1973).
Generally i t  is  observed tha t the re la t iv e  density has a profound 
e f fe c t  on the com press ib il ity  o f  sand. An increase in re la t iv e  density 
o f sand has been found to increase the modulus o f deformation, decrease 
the com press ib il ity  and decrease the axia l s tra in  to fa i lu re .
To study the e f fe c t  o f  re la t iv e  density on the s tre ss -s tra in  
cha ra te r is t ics  o f  sand, Al-Hussaini (1972) conducted p la in  s t ra in  and 
t r ia x ia l  compression tests on saturated and graded Chattahoochi r iv e r  
sand. On the basis o f  the experimental data presented in  his study i t  was 
shown" tha t the increase in  re la t iv e  density o f the sand decreased i t s  
com press ib il ity  and increased the i n i t i a l  slope o f the s tre s s -s tra in  
curve. The axia l s tra in  a t fa i lu re  however was found to decrease w ith 
increasing re la t iv e  density fo r  both plane s tra in  and t r ia x ia l  compression 
tes ts . Typical s tre ss -s tra in  curves fo r  d i f fe re n t  re la t iv e  density 
specimens are shown in Fig. 2.1. Assuming a s tra ig h t  l in e  re la t io n sh ip  
up to about 2% axia l s t ra in ,  i t  may be calculated tha t the modulus o f  
the densest specimen is  only about 1 . 6  times higher than tha t o f  the 
loosest specimen, a l l  specimens being normally consolidated.
Hendron (1963) carried out one dimensional compression tests  on 
various sands. He reported tha t the constrained modulus might be 8 or 
9 times higher fo r  dense sand than fo r  loose sand. Hendron fu r th e r  
reported tha t the c o e f f ic ie n t  o f earth pressure a t res t was lower fo r  
dense sand.
Chen (1948) and Al-Hussaini (1972) observed that an increase in 
re la t iv e  density would re s u lt  in an increase in Poissons ra t io  o f the 
sand.
Domaschuk and Wade (1969) carried out an experimental inves tiga tion  
o f the bulk and shear modulus o f sand. They used a standard t r ia x ia l  
ce l l  to te s t  the sand specimens, and found tha t the bulk and shear 
modulus were re lated to the re la t iv e  density o f the specimen. An 
increase in re la t iv e  density resulted in an increase in  the bulk and 
shear modulus o f the sand.
Makhlouf and Stewart (1965) however put less emphasis on the 
influence o f re la t iv e  density. They performed t r ia x ia l  compression 
tests on a ir -d ry  clean Ottawa sand in order to determine the e f fe c t  o f 
re la t iv e  density o f sand upon the value o f  the modulus o f  e la s t ic i t y .  
They reported tha t the value o f E did not vary much between the loosest 
and densest states. The modulus E fo r  the densest state (Dr = 80%) was 
approximately 3000 psi higher than the E fo r  the loosest s ta te  (Dr = 0%) 
(E varied between 20,000 and 30,000 p . s . i .  approximately, depending on 
the confining pressure). They concluded tha t the influence o f  the 
h is to ry  o f loading and the confin ing pressure upon the modulus o f 
e la s t ic i t y  o f sand was more s ig n i f ic a n t  than i t s  re la t iv e  density .
Typical resu lts  from Makhlouf and Stewart's work is  shown in 
Fig. 2.2. I t  may be calculated tha t the modulus fo r  the densest 
specimens is  only about 10% higher than the modulus o f the loosest 
specimens. This d ifference seems to be low, apparently the reason is  
tha t Ottawa sand is  uniform and i t s  density range is  not large.
Makhlouf and Stewart (1965) reported tha t the sand had a un ifo rm ity  
c o e f f ic ie n t  o f 1 . 3  and was tested in  two states o f dry dens ity ,
101 I b / c u . f t  and 109 I b / c u . f t ,  corresponding to re la t iv e  densities o f 
0 per cent and 88 per cent.
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2.3 EFFECT OF GRAIN PROPERTIES
By grain properties is  meant, the s ize , angu la rity  * mineral
composition and e la s t ic  properties o f the grains. Much' o f  the work
done on the e f fe c t  o f  grain properties on the engineering behaviour o f  
granular so il  has been concentrated on the e f fe c t  o f  p a r t ic le  properties 
on the angle o f  shearing resistance o f  the so i l  (Wu 1957, Shockley and 
Garber 1953, Kolbuszewski and Fredrick 1963, K irkpa tr ick  1965 and 
Koerner 1968). I t  was shown tha t the angle o f  in te rna l f r i c t i o n  varied 
d i re c t ly  w ith the angu la rity  o f the gra ins, i . e .  as the an gu la r ity  o f 
the so i l  grains increased so did the angle o f in te rna l f r i c t i o n .  I t  
was also shown tha t fo r  the same poros it ies  o f  two sands the angle o f 
in te rna l f r i c t io n  increased as the grain size reduced.
A deposit o f sand is  made o f ind iv idua l sand grains packed in  a
va r ie ty  o f ways. I f  the ind iv idua l pa rt ic le s  are treated as e la s t ic  
bodies then e la s t ic  theory can be used to p red ic t the e la s t ic  deformation 
o f the sand mass. The simplest assumption tha t can be made is  to 
approximate the sand grains with e la s t ic  spheres. The deformation o f 
two equal sized e la s t ic  spheres in contact can then be calcu la ted using 
Hertz theory, which he proposed in  188:1. Using Hertz's contact theory, 
the e la s t ic  behaviour o f ind iv idua l p a r t ic le s  can be re la ted to the 
overall e la s t ic  behaviour o f the sand mass by the fo llow ing re la t io n s h ip .
e = SPm  2.3
where c = s tra in
s = constant
p = applied pressure
m = 2/3 fo r  spherical grains
A s im ila r  approach has been used to explain the com press ib il ity  o f 
sands by other authors fo r  example Wilson and Sutton (1948), Jakobson
(1957), and El-Sohby (1969a).
Schultze and Moussa (1961) carried out compression tests on 25 
clean dry, moist, saturated, and s i l t y  sands, containing d i f fe re n t  
grain sizes. They proved tha t dry sand followed the same law as in 
equation 2.3. They found values o f the constants (S) and (m) fo r  dry 
sand fo r  d i f fe re n t  grain shapes and grain size des tr ibu tion  curves. 
The values fo r  constant (m) varied between 0.3 and 0.8.
El-Sohby (1969a) used the fo llow ing modified form o f Hertz 's 
equation
in which
Eaea = Saea K ™  " ^  )    2 *4  ' a  ao
E_._ = axia l e la s t ic  s tra inacd
Saea = e l a s t i c  c o m p r e s s ib i l i t y  f a c t o r  in  a x ia l  d i r e c t i o n  
a.  = a x ia l  e f f e c t i v e  s t ressa
c%o = reference axia l pressure 
m = average e la s t ic  power fac to r
El-Sohby reported tha t the deformation o f a mass o f  sand subjected 
to a certa in  stress can be divided in to  an e la s t ic  component due to the 
e la s t ic  deformations o f  the ind iv idua l gra ins, and a s l id in g  component 
due to the re la t iv e  movements and s l id in g  between the p a r t ic le s .  In 
his inve s t iga t io n , El-Sohby separated the e la s t ic  component o f  deformatic 
from the to ta l deformation under d i f fe re n t  stress values a t constant 
stress ra t io s .  A conventional t r ia x ia l  apparatus was used a f te r  some 
modifications were made to improve the accuracy o f  s tra in  measurements. 
Also free-end platens were used to obtain more.uniform deformation. 
El-Sohby found tha t (m) in equation 2.4 varied between 0.15 and 0.37. 
These values were lower than 2/3 as deduced from Hertz 's equation fo r  
simple po in t contact. The decrease in  the value o f (m) according to 
El-Sohby was p a r t ly  a tt r ib u te d  to the high rate o f increase o f  contact 
area in a random packing o f p a r t ic le s ,  even i f  the p a rt ic le s  were
spherica l.
El-Sdhby found tha t the porosity  o f  the sand had a considerable 
e f fe c t  on both the e la s t ic  and s l id in g  deformations. In loose sands, 
both the e la s t ic  and s l id in g  deformations were high.
He also found tha t the e la s t ic  com press ib il ity  o f angular shaped 
pa rt ic les  was greater than tha t fo r  f in e  sand whose p a r t ic le s  were 
round. Both o f  these com press ib il it ies  were la rger than tha t o f  spherical 
Glass B a l lo t in i  p a r t ic le s .  The modulus o f  e la s t ic i t y  o f the ind iv idua l 
p a rt ic les  fo r  the three materia ls however was p ra c t ic a l ly  the same.
To f in d  the influence o f  p a r t ic le  mineral type on com pre ss ib i l i ty ,  
El-Sohby showed the re la t ionsh ip  between e la s t ic  volumetric s t ra in  and 
the i n i t i a l  poros ity  fo r  two m ateria ls , Glass B a l lo t in i ,  and Copper 
p a r t ic le s ,  due to a increase in  the a ll-round  pressure. The p a r t ic le  
average size and the shape o f the two materia ls were s im i la r .  He found 
tha t the com press ib il ity  o f Copper was smaller than tha t fo r  Glass 
B a l lo t in i .  This was expected because the modulus o f  e la s t ic i t y  o f 
copper is  greater than tha t fo r  Glass B a l lo t in i .
More work on the e f fe c t  o f  p a r t ic le  shape on the deformation o f 
sands has been reported by Holubec and D'Appolonia (1972). They also 
found tha t as the angu la r ity  o f  the pa rt ic les  increases, the so i l  
becomes more compressible, and tha t uniform ly sized sands are genera lly  
more compressible than graded sands.
The presence o f f in e  material in  coarse sands can also e f fe c t  the 
com press ib il ity  o f  the coarse sands. Dvorak (1963) carried out in - s i tu  
plate load tests on several s ites  in  order to study the deformation 
cha rac te r is t ics  o f granular s o i ls .  He found tha t the presence o f  s i l t y  
and clayey p a rt ic le s  increased the com press ib il ity  o f the coarse grained 
so ils  by several times.
In an e a r l ie r  work Glover, Gibbs and Daehn (1948) reported tha t 
f in e r  granular so i ls  compress more than coarser material w ith round 
p a rt ic le s .
2.4 EFFECT OF HIGH STRESS LEVELS ON COMPRESSIBILITY
For a granular so il  deposit, both the in -s i tu  stress leve ls and 
the applied external stress increments have an important influence on 
the deformation behaviour o f  the sand. Chapman (1979) reported tha t 
there were three possible deformation mechanisms which could con tr ibu te  
to the com press ib il ity  o f a granular deposit.
At very low stress leve ls , where the energy input is  below the 
minimum necessary to induce s l id in g  between sand grains, the e la s t ic  
deformation o f  ind iv idua l p a rt ic les  w i l l  predominate.
At higher stress leve ls , the energy input w i l l  be s u f f ic ie n t  to 
induce s l id in g  and p a r t ic le  s l ip  w i l l  prodominate. This leads to 
d ila tancy and non-recoverable or p la s t ic  deformations and s tra in s .
At s t i l l  higher stress leve ls , p a r t ic le  crushing and breakage 
begins to con tr ibu te  to deformation.
Several workers have studied the problem o f influence o f  stress 
leve ls on deformation. Robert and De Souza (1958) conducted a series 
o f one dimensional compression tests using Ottawa sand which is  a well 
rounded uniform quartz sand. Specimens o f varying i n i t i a l  void ra t io s  
were tested. I t  was found tha t fo r  a v e r t ic a l stress below a c r i t i c a l  
value, deformations occurred mainly by s l id in g  and r o l l in g  o f sand 
grains. Once the c r i t i c a l  pressure was exceeded the deformations 
became time dependant and s ig n i f ic a n t ly  la rger than fo r  the lower
pressures. This was caused by the gradual re d is t r ib u t io n  o f  in te r ­
p a r t ic le  stresses. Once the pressure on an ind iv idua l grain reached 
a certa in  value, the grain would s ta r t  to fra c tu re . This resulted in 
a re d is t r ib u t io n  o f contact stresses which caused other p a rt ic le s  to 
frac tu re  and the process continued.
S im ilar resu lts  have been reported by others including Casagrande 
(1936), Terzaghi and Peck (1948) and Schultze and Moussa (1961). De Beer 
(1963) conducted a series o f penetration and compression tests on sands 
using pressures up to 340 MPa. The penetration tests conducted by 
De Beer showed tha t p a r t ic le  breakage was increased by large shearing 
stresses. A l l  o f  these studies confirm the fa c t  tha t p a r t ic le  breakage 
becomes s ig n if ic a n t  once the applied stresses exceed a c r i t i c a l  value. 
The amount o f breakage was shown to be affected by sand s truc tu re  and 
p a r t ic le  cha rac te r is t ics .
Other workers have examined the crushing behaviour o f  sands using 
the t r ia x ia l  apparatus. H irschfe ld and Poulos (1963), Hall and Gorden
(1963) and Leslie  (1963) conducted t r ia x ia l  tests on sand and gravel 
specimens using confining pressures o f the order o f 40 MPa. Marsal 
(1967) conducted drained t r ia x ia l  tests on coarse gravels and broken 
rocks up to 20 cm in diameter using a large size ce ll  and confin ing 
pressures,up to 5 MPa. The resu lts  o f these and other worker's te s ts ,  
a l l  show tha t sands and gravels e x h ib it  curved fa i lu re  envelopes a t 
high pressures. The amount o f p a r t ic le  crushing is  dependent upon 
several properties including moisture content, p a r t ic le  size and 
grading, confin ing pressure and ind iv idua l p a r t ic le  strength. In a l l  
cases, a l im i t in g  or c r i t i c a l  pressure was observed, above which a 
p a r t ic le  crushing and breakdown was observed.
Lee and Farhoomand (1967) studied experimentally the com press ib il ity  
o f granular so il  and the possible e ffec ts  o f p a r t ic le  crushing a t high 
pressures as applied to the design o f  gravel drains and so il  f i l t e r s  
fo r  use in  high earth dams. Both iso tro p ic  and an isotrop ic t r ia x ia l  
compression tests  were performed on a number o f sands and gravels.
Some o f  the conclusions drawn are as fo llows:
a- Granular so il is  qu ite  compressible under high applied stress,
b- Coarse s o i ls  compress more and show more p a r t ic le  crushing than
f in e  s o i ls .
c- Soils w ith angular p a rt ic le s  compress more and show more p a r t ic le  
crushing than so i ls  with rounded p a r t ic le s ,  
d- Uniform so i ls  compress and crush more than graded so i ls  w ith the
same maximum grain size, 
e. Under any p a r t ic u la r  load, compression and p a r t ic le  crushing
continue to increase a t an ever-decreasing rate fo r  an in d e f in i te  
period o f  time.
Vesic and Clough (1968) presented the resu lts  o f inves tiga tion  o f
the behaviour o f granular materials a t high pressures which extended
2the mean normal stresses beyond 100000 kN/m . A large number o f  t r ia x ia l
tests were performed a t a constant rate o f s tra in  and on both a i r -d ry
and saturated specimens. They concluded tha t the nature o f  sand
deformation varied with the pressure range. At pressures lower than 
o
100 kN/m , there was very l i t t l e  crushing; however the sand p a r t ic le s  
were re la t iv e ly  free to move with respect to each other and the d ila tancy  
e ffec ts  were qu ite  s ig n if ic a n t .  As the mean normal stress increased, 
crushing became more pronounced and the d ila tancy e ffec ts  gradually 
disappeared. Crushing appeared to be most intense in the pressure range
o
o f 1000-10000 kN/m , u n t i l  the so-called breakdown stress was reached.
Farmer and Attewell (1973) studied the compression o f  three 
aggregates having d i f fe re n t  p a r t ic le  strengths. Large specimens were 
tested at stress levels up to 20 MPa. At low stress levels p a r t ic le  
slippage and in te r lock ing  predominated. At higher s t ra in s ,  material 
properties such as crushing strength o f  ind iv idua l grains con tro lled  
the ra te o f  deformation.
2.5 EFFECT OF CONFINING PRESSURE
The confining pressure on sand has an important e f fe c t  on 
deformation behaviour o f sand.
Among early  works on the subject has been by Watson (1940) and 
Chen (1948). La te ly , however, Lee and Seed (1967) and El-Ruwayih 
(1975) have also worked on the same subject.
Watson (1940) showed, in  qu an tita t ive  terms, the e f fe c t  o f  consolida­
t io n  pressure on deformation. He carried out t r ia x ia l  compression tests  
on d i f fe re n t  sands and found re la tionsh ips between the deformation moduli 
and consolidation pressures. For loose and dense specimen o f  sand, the
moduli increased with consolidation pressure. For example the e f fe c t
2 2o f increasing the confin ing stress from 100 kN/m to 600 kN/m increased 
the s t i f fn e ss  about four times fo r  e ith e r loose or dense specimens.
El-Ruwayih (1975) showed tha t w ith the increase o f the consolida tion 
pressure, the b r it t le n e ss  o f the specimens and th e i r  tendancy to d i la te  
decreased; and a t high confining pressures, the volumetric change 
became to t a l l y  compressive. Increase in confin ing pressure also increased 
the resistance to deformation and the axia l s tra in  a t fa i lu r e .  S im ila r 
observations were made by Chen (1948) and Lee and Seed (1967).
2.6 EFFECT OF STRESS PATH
The concept o f  stress path and i t s  importance in solving deformation 
problems in so i l  engineering has been explained by Lambe (1964, 1967). 
Other authors have also shown the importance o f the stress path concept 
fo r  example Som (1968), Simons and Som (1969), Simons (1971), Ladd
(1964) and D'Appolonia e t al (1968).
Breth e t al (1973) investigated the s tre ss -s tra in  cha rac te r is t ics
o f sands under an isotrop ic  loading conditions on large t r ia x ia l  specimens
in the small s tra in  range. They also studied the influence o f  stress
paths, confining pressures and type o f the sand on the e la s t ic  parameters,
E and v. They showed tha t the deformation o f the sand did not depend
only on the ind iv idua l p a r t ic le  movements, stress conditions, and re la t iv e
densities o f the sand, but also depended on the stress paths. The
modulus o f e la s t ic i t y ,  E, reduced from i t s  maximum value a t or near the
stress ra t io ,  R = 1 (where R = ^3) to zero a t the stress ra t io  a t
al
fa i lu re .  The general trend was tha t the rate o f  decrease o f  E with 
stress ra t io  was more fo r  the condition where axia l stress was kept 
constant and equal to the i n i t i a l  confin ing pressure and la te ra l  stress 
was decreased; whereas i t  was less fo r  the condition where the la te ra l 
stress was kept constant and equal to the i n i t i a l  confin ing pressure 
and the v e r t ic a l stress was decreased.
El-Sohby (1969b) studied the deformation behaviour o f  sand under 
constant ra t ios  using the conventional t r ia x ia l  apparatus. The specimens 
were tested under a wide range o f constant stress ra t io s  ranging from 
1.0 to 4.5 in increments o f 0.5. At the begining o f  each te s t ,  the ax ia l 
force was increased while the ce l l  pressure was.kept constant, u n t i l  the 
required stress ra t io  was reached. Then the te s t  was conducted by keeping
the stress ra t io  constant during a cycle o f loading and unloading.
The resu lts  showed th a t,  during loading, the to ta l deformations can 
be divided in to  e la s t ic  and s l id in g  deformations, while during unloading 
the corresponding deformations can be considered to ta l ly  e la s t ic ,  
independent o f  the number o f cycles. The s l id in g  deformation during 
loading was greater fo r  higher values o f constant stress ra t io s .  I t  
was also noted tha t while the resu ltan t o f the s l id in g  deformation 
a t R = 1.0 was a contraction in the volume change, i t  became a t R = 4.5 
an expansion in the volume change.
The marked e f fe c t  o f d i f fe re n t  stress paths upon Poisson's Ratio 
has been reported by Jakobson (1957), Duncan and Chang (1970), and 
Breth e t al (1973). Jakobson (1957) observed d i f fe re n t  values o f 
Poisson's Ratio during a loading, unloading cycle, and the re la t io n sh ip  
between Poisson's Ratio and shear stress during unloading was found to 
be non-linear. Duncan and Chang (1970) tested a dense sand in  the 
normal way in a t r ia x ia l  ce l l  and observed a l in e a r  re la t io n sh ip  between 
Poisson's Ratio and shear stress during loading. For unloading th is  
re la t ionsh ip  was non-linear but the large degree o f sca tte r o f  the 
resu lts  precluded any speculation on the trend o f behaviour between 
Poisson's Ratio and shear stress.
2.7 EFFECT OF CONSOLIDATION HISTORY
Of many factors tha t influence the stress-deformation behaviour o f 
a granular m a te r ia l, past loading h is to ry  is  the most s ig n i f ic a n t  in 
terms o f i t s  potentia l fo r  a lte r in g  performance. I t  is  however, not 
easy to ascertain the nature o f a such a lte ra t io ns  using presently 
known methods. Although density may s ig n i f ic a n t ly  influence the i n i t i a l  
com press ib il ity  o f a granular s o i l ,  i t s  importance however is  overshadowed
by previous loading h is to ry ,  (Lambrechts and Leonards 1978).
In the early  1950's, Eldin (1951) remarked tha t many eminent 
professors and engineers were inves tiga ting  experimentally and a n a ly t ic a l ly  
the subject o f shearing properties o f s o i ls .  L i t t l e  however was studied 
on the deformational behaviour o f so il and l i t t l e  was known on the 
influence o f stress h is to ry  on deformation. Eldin (1951) showed tha t, 
sand samples with an overconsolidat,ion ra t io  o f about 19 had s im i la r  
s tre ss -s tra in  curves to those o f normally consolidated samples. The 
fa c t  tha t Eldin is o t ro p ic a l ly  consolidated the specimens might explain 
his f ind ings.
Yoshimi e t al (1975) conducted one-dimensional compression and 
swelling tests on loose sands under very low confining pressures.
The apparatus used was a transparent p la s t ic  cy linder having a porous 
disk a t the bottom. The v e r t ic a l e f fe c t ive  stresses were applied by 
ve r t ica l seepage o f  water through the sand specimen. By upward seepage 
o f water, the v e r t ic a l stresses were reduced and the specimen swelled.
The re s u lt  o f a sequence o f  swelling and recompression tests 
fo llow ing a one-dimensional compression te s t  is  shown in Fig. 2.3.
The recompression was terminated a t loading AB. A second specimen 
prepared to s im ila r  density to the f i r s t  specimen a t i t s  preconsolidated 
condition was loaded normally along CD. I t  was noted th a t the normally 
consolidated specimen (CD) was about 13 times more compressible than the 
overconsolidated sand specimen (AB), even though th e i r  i n i t i a l  densities 
were s im ila r .  Lambrechts and Leonands (1978) reported tha t no other 
parameter or material influence had been shown in l i te ra tu r e  to have 
such a profound e f fe c t  on the com press ib il ity  o f sands.
Lambrechts and Leonards (1978) carr ied out inve s tiga tio n  on the 
e ffec ts  o f stress h is to ry  on deformation o f sands. C y lind r ica l t r ia x ia l
specimens were tested under d i f fe re n t  stress paths simulating a va r ie ty  
o f stress h is to r ie s .  They compared the axia l stress d ifference 
(a-j - a3) versus axia l s tra in  curves fo r  a normally consolidated specimen 
and a preconsolidated specimen both having s im ila r  densities and both 
tested in  a Kq stress path. They found tha t preconsolidation a t over­
consolidation ra t io  o f about 10, increased the modulus o f  deformation 
by about 11 times.
Makhlouf and Stewart (1965) studied experimentally the factors  
in fluencing the modulus o f e la s t ic i t y  o f dry sand. Tests were carried 
out in  a t r ia x ia l  apparatus w ith various ranges o f deviator stresses 
applied and recycled. They noted tha t large ir recoverab le .s tra ins  
occurring when the deviator stress was reduced. Since the ind iv idua l 
grains remained in approximately th e i r  displaced positions instead o f 
rebounding to th e i r  o r ig ina l positions upon unloading, the sand then 
exhib ited over most o f i t s  reloading curve the l in e a r  cha rac te r is t ics  
o f a Hookean so lid  u n t i l  the magnitude o f the deviator stress was large 
enough to overcome the s ta t ic  f r i c t io n  between the grains. Because o f 
the inherently  non-e lastic  re la t ion sh ip  between the normal stresses 
and the displacement o f the ind iv idua l gra ins, Makhlouf and Stewart
(1965) reported tha t the importance o f the h is to ry  o f the loading upon 
the modulus o f e la s t ic i t y  was o f  extreme s ign if icance .
D'Appolonia, D'Appolonia.and B risse tte  (1968) predicted the settlement 
o f some 300 footings using laboratory and in - s i tu  methods. Stress path 
t r ia x ia l  tests and oedometer tests were conducted on reconstructed 
specimens subjected to a stress h is to ry  s imulating tha t o f  areas pre- 
loaded by dune sands. Accordingly, the reconstructed labora tory specimens 
were placed at approximately 65%-75% re la t iv e  density and preconsolidated 
to pressures corresponding to the maximum past pressure applied by the
sand dunes. Changes in sand density during consolidation were found 
to be small. The c o e f f ic ie n t  o f com press ib il ity  (mv ) fo r  v i rg in  loading 
and reloading cycles were determined and the corresponding settlements 
were determined from the e la s t ic  theory. They found tha t the load- 
settlement predictions using the v irg in  loading curve overestimated the 
mean observed settlements by a fac to r  o f  2 .0 , while load-settlement 
estimates using the reloading cycles co r re c t ly  predicted the mean o f the 
measured settlements.
Stress path t r ia x ia l  tests were also used to simulate loading 
conditions in areas when dunes were removed. In order to use the stress 
path method, a specimen having the same in -s i tu  density and stress h is to ry  
as a corresponding element in the f ie ld  before the foo ting  load was 
applied was reconstructed in the laboratory (Lambe 1964, 1967). Predicted 
settlements were compared to the observed settlements and the mean ra t io  
o f predicted to measured settlement was found to be 0.9.
D'Appolonia et al (1968) concluded tha t i f  proper account is  taken 
o f the stress h is to ry  o f the in -s i tu  deposit, the so il modulus determined 
from t r ia x ia l  tests using Lambe's stress path method or from oedometer 
tests can be used with e la s t ic  half-space theory to p red ic t settlements 
co rrec t ly .
The approach based on the theory o f e la s t ic i t y  requires a determina­
t ion  o f the modulus o f com press ib il ity . D'Appolonia e t al (1970) 
suggested a co rre la t ion  between the SPT blow count and sand com press ib il ity  
fo r  both normally and overconsolidated sands. This co rre la t io n  is  
shown in Section 5.3.4, Fig. 5.9.
In actual practice the d i f f i c u l t y  however arises in  determining 
whether a sand is  normally or overconsolidated in order to be able to 
use the co rre la t io n .
Perhaps the most comprehensive study on the influence o f consolida­
t ion  h is to ry  on the deformation behaviour o f a sand and i t s  im plica tions 
o f the resu lts  on settlement pred ic tion  in granular so ils  has been by 
Daramola (1978). Samples o f Ham r iv e r  sand were prepared in  the laboratory 
and subjected to e ith e r iso tro p ic  or ^ -c o n s o lid a t io n  h is to ry  and 
subsequently loaded along d i f fe re n t  stress paths.
Daramola (1978) found tha t Kq fo r  the material used was predominantly 
dependent on density and previous stress h is to ry . He also concluded 
tha t a t an overconsolidation ra t io  o f seven, the loose is o t ro p ic a l ly  
overconsolidated sand was about 2.5 times as s t i f f  as the normally 
consolidated one. This e f fe c t  decreased with decreasing overconsolidation 
ra t io ,  and a t an overconsolidation ra t io  o f 1.75, the s t i f fn e s s  ra t io  
was about 1.25. On the other hand, the deformations o f dense samples 
were p ra c t ic a l ly  unaffected by iso tro p ic  overconsolidation. These 
conslusions (on loose sand) seem to con trad ic t those o f Eldin (1951).
Daramola (1978) also concluded tha t K - normally consolidated sand
gets s t i f f e r  w ith increase in the value o f constant s t re s s - ra t io  increment 
Aa |
K = — 11 , while the deformation of K - overconsolidated materia l is
p ra c t ic a l ly  independent o f loading path as long as the current value 
o f s tre ss -ra t io  does not exceed tha t during previous normal conso lida tion .
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2.8  EFFECT OF AGE OF CONSOLIDATION
When sand specimens are reconstructed in the laboratory, and stresses 
are applied upon them to simulate f ie ld  conditions they are usually tested 
immediately. This is  however not the case in  the f ie ld .  A natural deposit 
would have been subjected to the present or higher stresses ever since 
i t s  deposition. In geological terms th is  time is  ty p ic a l ly  o f  the order 
o f thousands o f  years. Yet, the possible e ffec ts  o f consolidation age 
on the deformation behaviour o f  sands has received re la t iv e ly  l i t t l e  
a tten tion  (Daramola 1978, 1980).
Ohsaki (1969) quoted in his s ta te -o f -a r t  paper " I t  is  a matter o f  
fa c t  tha t a r t i f i c i a l l y  f i l l e d  so ils  are s o l id i f ie d  due to natural compaction 
and consolidation with the lapse o f years".
Seed (1976) reported tests on iden tica l samples o f  sand subjected 
to sustained loads fo r  periods ranging from 0.1 to 100 days. The 
specimens showed an increased resistance to i n i t i a l  l iq u e fa c t io n  in  terms 
o f  stress ra t io  o f about 25%.
Mogami (1977) mentioned the work o f Oda (1973) who carr ied  out 
inves tiga tion  on the N-values o f  consolidated sands from the t e r t ia r y  
to quarternary periods. I t  was found tha t the N-values were higher in  
the o r ig ina l ground than those o f the a r t i f i c i a l l y  made ground compacted 
to the state o f  s im ila r  re la t iv e  density to the o r ig in a l :  This was 
a tt r ib u te d  to the cementation o f the sand grains. Mogami (1977) also 
re ferred to the work o f Tohno (1975, 1976) who tested sand samples from 
the quaternary period and found tha t the specimen had some unconfined 
compressive strength which was due to the cementation o f the f in e r  
pa rt ic les  between the sand grains.
Probably the only information concerning the e f fe c t  o f age on the 
deformation o f sand has been the work o f  Daramola (1978, 1980).
During the course o f inves tiga tion  in to  the e ffec ts  o f stress 
h is to ry  on the deformation o f  a sand, Daramola (1978, 1980) conducted 
tests on specimens o f  sand which were l e f t  under sustained pressure fo r  
some period o f time.
Four specimens o f  Ham River sand were prepared in  about equally 
dense states and each was subjected to an e ffe c t ive  confin ing pressure
9
o f 400 kN/m * The f i r s t  specimen was tested immediately a f te r  consolida­
t ion  and the other three were tested when the confin ing pressure was 
kept on the specimens fo r  10, 30 and 152 days respective ly .
The resu lts  showed tha t as the age o f consolidation increased, 
some d ifference in deformation behaviour became n o t ic ib le .  The s tress- 
s tra in  curves were steeper and the s tra ins  to fa i lu re  reduced, being 
about 3.2% at 30 days and about 2.2% at a consolidation age o f  152 days. 
Thus the e f fe c t  o f sustained pressure was to increase the resistance 
to deformation a t p ra c t ic a l ly  every stage o f the loading, and tha t 
th is  e f fe c t  decreased with decreasing age o f consolidation.
2.9 MISCELLANEOUS FACTORS
There are other factors which influence the deformation behaviour 
o f sands. These however w i l l  only be mentioned b r ie f ly  because they 
are outside the scope o f the present thes is . More de ta i ls  concerning 
these factors have been covered by Daramola (1978).
a- The influence o f the intermediate p r inc ipa l stress has been studied 
by the fo llow ing workers: Cornforth (1961, 1964), Sutherland and
Mesdary (1969), Reades (1972), Ergun (1976), Finn et al (1967), 
Al-Hussaini (1972) and Lee (1970).
The influence o f anisotropy has been studied by Casagrande and 
C a r i l lo  (1944), El-Sohby (1969b), El-Sohby and Andrawes (1972, 
1973), Oda (1972a, 1972b), Arthur and Menzies (1972) and Arthur 
and P h il ips  (1975).
The influence o f heterogeneity o f sand deposits has been studied 
by Arthur (1971), Arthur and P h il ips  (1975) and Ladd, Foot, 
Ish ihara, Poulos and Schlosser (1977).
2.10 CONCLUSIONS FROM CHAPTER 2
In th is  chapter, the factors in fluencing the deformation 
behaviour o f  sand were reviewed. Each o f the factors was found to 
have an influence in a certa in  manner, making the combined e f fe c t  
o f a l l  the factors very complex.
Some o f the factors were only studied q u a l i ta t iv e ly  by the 
re levant workers. In case o f other fac to rs , the resu lts  from 
various studies seemed to vary from auther to author thus making 
i t  d i f f i c u l t  to explain the way com press ib il ity  varied with each 
fac to r .
To summarize the influence o f the various factors on deforma­
t ion  o f sand, the degree o f influence o f each parameter is  given 
in  the fo llow ing tabular form. As mentioned e a r l ie r  many o f the 
factors were not studied q u a n t ita t ive ly  by the re levant authors, 
hence Table 2.1 is  intended to show only the degree o f s ign if icance  
o f each fa c to r .
TABLE 2.1
DEGREE OF SIGNIFICANCE OF EACH OF THE FACTORS 
AFFECTING THE DEFORMATION BEHAVIOUR OF SAND.
Factor degree o f influence on deformation
re la t iv e  density low-high
grain properties low
high stress levels low
confining pressure high
stress path average
consolidation h is to ry  high
intermediate p r inc ipa l stress low
anisotropy low
heterogeneity low
CHAPTER 3
METHODS OF DETERMINING THE DEFORMATION CHARACTERISTICS OF SANDS
3 . 1 INTRODUCTION
In the preceding Chapter a review was carried out on the factors  
which influence the deformation behaviour o f  sands. I t  was noted tha t 
the com pressib il ity  o f  sands is  usually expressed by the modulus o f 
deformation or as a c o e f f ic ie n t  o f  volume com pre ss ib i l i ty .
The methods o f determining the com press ib il ity  cha rac te r is t ics  o f 
sand can be divided in to  two main groups:
( i )  Laboratory methods.
( i i ) F ie ld methods.
A th i rd  method, which is  the back analysis method is  also 
included in th is  Chapter.
3.2 LABORATORY METHODS
Laboratory methods are not commonly used in determining the in -  
s i tu  com press ib il ity  cha rac te r is t ics  o f cohesionless s o i ls .  The reason 
being tha t o f p ractica l d i f f i c u l t i e s  in obtaining undisturbed specimens 
o f  sand and in simulating the f ie ld  conditions o f stresses in  a disturbed 
sand specimen.
3.2.1 The T r ia x ia l Compression Test
Probably the most widely used laboratory apparatus fo r  determining 
the deformation moduli is  the t r ia x ia l  c e l l .  A comprehensive 
description o f the p rinc ipa l features o f the t r ia x ia l  apparatus, 
including the pore pressure, volume change and load-measuring
equipment is  described by Bishop and Henkel (1962).
The normal te s t procedure is  to consolidate the te s t  specimen 
is o t ro p ic a l ly  where ty p ic a l ly  the consolidation pressure is  equal to 
the estimated overburden pressure. A fte r  consolidation, the ce l l  
pressure is  maintained constant, and the deviator load is  increased 
a t a constant rate o f axia l s tra in  to fa i lu re .  Throughout the te s t ,  
measurements are taken o f the ve r t ica l loads and s tra ins . In add it ion , 
the pore water pressure and volume change are measured when necessary.
From the data obtained during the te s t ,  the deformation modulus 
(Young's Modulus) is  normally evaluated in the form o f an undrained or 
drained modulus. To evaluate the Poisson's Ratio however, the la te ra l 
s tra in  o f the specimen has to be measured. This can be achieved using 
a ca lipe r (Bishop and Henkel 1962; Menzies, Sutton and Davies 1977) 
which measures the deformation along the diameter a t the centre o f the 
te s t  specimen. This measurement w i l l  give the maximum la te ra l  s t ra in .
I f  a K -consolidation te s t is  performed ( i .e .n o  la te ra l deformation 
o
o f the specimen), the la te ra l s tra in  is  kept to zero.
The shear modulus and the bulk modulus can also be determined 
using the t r ia x ia l  te s t .
3.2.2 The Stress Path Test
A more promising method o f estimating deformation behaviour is  
the concept o f  e f fe c t ive  stress path technique o r ig in a l ly  proposed by 
Lambe (1964, 1967). The te s t  is  usually performed using the t r ia x ia l  
apparatus; however a practica l d i f f i c u l t y  arises in performing the te s t  
in the conventional t r ia x ia l  apparatus. Recently Bishop and Wesley 
(1975) developed an hydraulic t r ia x ia l  apparatus fo r  con tro lled  stress
path te s t in g ,  which allows independent va r ia t ion  o f axia l and rad ia l 
stresses to be applied to the specimen. A dd it io n a l ly ,  the programmable 
control and automation o f th is  sophisticated tes t ing  technique has been 
greatly  f a c i l i t a te d  by the use o f microcomputers, as described by 
Menzies and Sutton (1980).
The general procedure fo r  the stress path method has been de ta iled  
in Lambe and Whitman (1969). There are four essential steps in the method
1- Select one or more points w ith in  the so il under the proposed
s truc tu re .
2- Estimate fo r  each po in t, the stress path fo r  the loading to be
imposed by the s truc tu re .
3- Perform laboratory tests which fo llow  the estimated stress paths.
4- Use the s tra ins  measured in these tests to estimate the settlement
o f the proposed s truc tu re .
This method was used successfully by D'Appolonia,D'Appolonia 
and B rissette  (1968) to ca lcu la te the settlement o f spread footings 
on sand (see Section 2.7).
3.2.3 The Pedometer Test
The oedometer te s t  has been used fo r  a long time to measure the 
com press ib il ity  o f granular s o i ls .  The method consists the determina­
t io n  o f the magnitude and rate o f the consolidation o f a saturated or 
near-saturated specimen in the form o f a disc confined la te r a l ly .
The specimen is  subjected to ve r t ica l axia l pressure, and allowed to 
drain f re e ly  from the top and bottom surfaces. For sand.the specimen 
is  usually recompacted to i t s  in -s i tu  density and then loaded. The 
com press ib il ity  cha rac te r is t ics  may be calculated by p lo t t in g  the 
compression o f the specimen as ordinate on a l in e a r  scale, and the 
corresponding applied pressure as abscissa on a logarithm ic scale.
3.2.4 The U ltrasonic Pulse Technique
The u ltrason ic  pulse technique is  a non-destructive te s t  which 
is  commonly used to f in d  the value o f Young's Modulus in materia ls such 
as concrete. Ward, Samuel and Butler (1959) used the technique to te s t  
specimens o f London clay cut from block samples, and i t  has not ye t 
been used on granular s o i ls .
3.3 ‘FIELD TESTS
As mentioned e a r l ie r  in th is  chapter, there are considerable 
practica l d i f f i c u l t i e s  associated with obtaining and preparing undisturbed 
specimens o f  granular s o i ls .  For th is  reason, in -s i tu  tests are 
preferred to laboratory tes ts .
In -s i tu  tests provide some means o f measuring the deformation 
properties o f s o i ls ,  and often the resu lts  o f such tests must be applied 
with considerable engineering experience fo r  successful a p p lica t io n .
In -s i tu  tests include plate loading tes ts ,  screw plate te s ts ,  pressuremeter 
te s ts , and penetration tes ts . Less commonly used tests are the seismic 
tes ts . A l l  these testsare used to obtain values o f deformation parameters 
fo r  use in e la s t ic  settlement analysis or in some cases empirical methods 
based on the te s t  resu lts  can be used to ca lcu la te  settlements d i r e c t ly .
A summary o f the tests and methods o f settlement estimation is  described 
in  th is  chapter. Methods re la t in g  to penetration tests are treated 
separately in Chapter 5.
3.3.1 Plate Loading Tests
This method involves the loading o f a small p late to the proposed 
foundation loading and careful measurement o f i t s  de f lec t ion . Terzaghi 
and Peck (1948) proposed the fo llow ing re la t ionsh ip  between the 
settlement (S) o f  a foo ting  with width (B) and the settlement (S ) o f
a square plate with B = 0.3 m loaded to the same in te n s ity .
O n
(  2B 
B + B* io
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where B i s  in meters, and S and Sq may be in any un its .
Terzaghi and Peck's formula l im ite d  the settlement o f wide
footings to 4 times the settlement o f  a 0.3m p la te .
Bjerrum and Eggestad (1963) analysed a number o f published
settlement case records. They found considerable scatte r in the co r re la t io n  
between the settlement o f plates and prototype foundation. Settlement 
ra t ios  in excess o f  4 were found, especia lly  fo r  loose sands.
D'Appolonia et al (1968) carried out p la te load testson f in e  dense 
dune sand. Settlement ra t ios  in excess o f 10 were calculated from the 
resu lts  o f  p late tests and measured settlement o f actual foundations.
The main disadvantage o f p late load tests is  the scaling problem.
A plate only loads the so il  beneath i t ,  to a depth approximately twice 
i t s  width. Consequently a f u l l  size foundation stresses the subsoil a t 
a much greater depth and volume. For the plate resu lts  to be d i re c t ly  
applicab le , s im ila r  so i l  conditions must e x is t  w ith in  the zones o f 
influence o f both the plate and the prototype foundation. This is  
ra re ly  the case fo r  cohesionless s o i ls .  Ide a lly  a number o f  p la te  load 
tests should be carried out over the depth o f the so il influenced by 
the proposed foundation.
Plate load tests are susceptible to errors associated with 
placing the p la te , such as so i l  disturbance and bedding e rro rs . Plate 
load tests a t depth become very expensive especia lly  below the ground 
water table in cohesionless s o i ls .
The resu lts  o f the p la te load tests require very careful 
in te rp re ta t io n  and should be treated w ith caution when extrapolated to
f u l l  size foundations. This has been noted by several authors, inc lud ­
ing Meigh and Nixon (1961), D'Appolonia et al (1968), Fraser (1968), 
Tomlinson (1969), Simons (1972), Sutherland (1974), and Jorden (1977).
3.3.2 Screw Plate Tests
An a lte rn a t ive  to the t ra d i t io n a l form o f p late load te s t  has 
been described by Janbu and Senneset (1973). The screw p la te  is  a 
162 mm diameter (20 0  cm^  cross sectional area) p late shaped l ik e  a 
part o f an auger w ith a p itch  o f  4.5 cm.
The p la te is  screwed down in to  the so il  to the required depth
using an ordinary d r i l l i n g  r ig .  Besides the p la te , the apparatus 
consists o f  a hydraulic jack mounted behind the p la te. The jack is  
f ixed to a s tr in g  o f rods which pass to the surface.
When the p late is  screwed down to the required depth a series 
o f loads are applied to the plate via the hydraulic jack above the 
p la te . Deflection o f the plate is  monitored a t the surface using the 
inner rod which is  connected to the hydraulic jack in the screw pla te 
device. The plate is  loaded in stages and the deflections fo r  each 
load increment are recorded. The plate is  then locked and screwed 
down to a deeper te s t  loca tion .
Methods o f  analysing screw plate te s t  data have been described 
by Janbu (1967), Berle (1968), Enlid (1970) and Janbu and Senneset 
(1973).
Essentia lly  the load settlement curve obtained from the screw
plate te s t  is  analysed to obtain the modulus o f the s o i l .
Using a theore tica l so lu tion fo r  the determination o f the in 
s i tu  modulus by the screw plate te s t ,  Janbu and Senneset (1973) derived 
the fo llow ing closed formula fo r  the settlement ( 6 ) of a screw p la te  
in s ta l le d  w ith in  a s o i l .
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where
6 = p late settlement.
= net load on plate which is  given by the d ifference between 
the load applied to the p late and the ex is t ing  overburden 
pressure.
B = plate diameter.
2P_ = reference stress =10  t/m ^ 1 atm.a
m = modulus number depending on so i l  type.
S = dimensionless settlement number depending on s o i l  type.
Janbu (1963) defined the modulus number (m) in  terms o f the one 
dimensional tangent modulus (M )
p. 1 - “
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where
= stress exponent (pure number between 0 and 1 ).
P'= v e r t ic a l e f fe c t ive  stress.
To f in d  values o f the settlement number (S), Janbu and Senneset
(1973) collected the resu lts  o f several years o f extensive experimental 
studies in d i f fe re n t  s o i ls ,  and p lo tted  the settlement number (S) as 
a function o f e ffe c t ive  overburden stress and net load Pn fo r  various 
so i l  moduli M .
By means of equation 3.2 one can read ily  obtain the f ie ld  
value o f the modulus number (m) fo r  a so i l  deposit when the 
re la t ionsh ip  between Pn and 6 are obtained by the screw p la te  
te s t .
Using the resu lts  o f screw plate te s ts ,  Janbu and Senneset 
(1973) have obtained good agreement between predicted and observed 
settlements in sands and s i l t s  fo r  a number o f foundations. 
Schmertmann (1970) used the resu lts  o f screw plate tests in 
developing a co rre la t ion  between cone resistance and com press ib il ity .
Webb (1969) carried out screw plate tests in a s i te  
comprising o f random s tra ta  o f f ine  to medium sand and s i l t .
The plates had 152 mm, 228 mm and 381 mm diameters and were screwed 
in to  the ground fo llow ing an e a r l ie r  Norwegian method described 
by Kummeneje (1956). Webb obtained values o f the modulus o f 
com press ib il ity  at d i f fe re n t  depths and re la ted the resu lts  
to  the standard penetration N-values.
The screw plate te s t  o ffe rs  s ig n i f ic a n t  advantages over 
the conventional, p late load tests since i t  allows p la te load 
tests to be conducted at depths, even below the water ta b le , 
cheaply and qu ick ly .
3.3.3 Pressuremeter Tests
The pressuremeter is  a foundation investiga tion  too l which 
was developed in  France by Menard (1957, 1965, 1971). The 
device consists o f an expandible c y l in d r ic a l  probe which can 
be lowered down a borehole to any desired te s t location.
Once in  pos it ion the probe is  expanded against the sides o f 
the borehole via a control system located at the surface.
The change in  diameter o f the borehole is  recorded as function 
o f the applied pressure.
The borehole can be d r i l le d  using a va r ie ty  o f techniques 
depending upon so i l  types. Bentonite or s im i la r  d r i l l i n g  muds 
can be used to s ta b i l iz e  the walls o f the borehole. The 
pressuremeter is  ava ilab le in a range o f sizes and models 
suited fo r  d i f fe re n t  conditions. Recently a s e l f  boring 
pressuremeter has been developed which can d r i l l  i t s  own hole 
as i t  is  inserted in to  the ground (Baguelin et al 1972, Wroth 
and Hughes 1973, Hughes e t al 1975, Baguelin e t al 1978).
This type o f device resu lts  in less disturbance and can 
provide more accurate information regarding in -s i tu  so i l  
p roperties, p a r t ic u la r ly  fo r  s o f t  sens it ive  clays.
A pressuremeter te s t  gives a s tre ss -s tra in  curve fo r  the s o i l ,  
measured in - s i tu .  The curve is  p lo tted  as volume change o f  the probe 
versus applied probe pressure. The curve is  then corrected taking 
account o f  the pressure required to expand the probe and the elevation 
d ifference between the probe and the volume change measuring device, 
which is  located a t the surface.
The corrected volume change-applied pressure curve is  then analysed 
(Menard, 1965) to obtain a value o f the pressuremeter modulus E . To
P
obtain the settlement o f  a foundation (6 ) Menard and Rousseaw (1962) 
proposed the fo llow ing equation.
where
For normally consolidated sand a is  assumed to have a value o f 
1/ 3 , w h i ls t  fo r  overconsolidated sands w ith Ep/P  ^ ra t io s  in  excess o f 
12, oc = 0.5 is  used (Baguelin et a l . ,  1978). Test resu lts  reported 
by Laier (1973), using a ,pressuremeter in a large ca l ib ra t io n  chamber, 
do not confirm the v a l id i t y  o f  the above Ep/P^ ra t ios  fo r  the determina­
tion  o f  sand overconsolidation c h a ra c te r is t ic s .
6 =
Ep = pressuremeter modulus.
P = net foundation pressure.
Bq = reference width (0.6 ni).
B = width or diameter o f foo ting .
« = rheological fa c to r  dependent upon so i l  type and 
the ra t io  o f E to P . .p %
P^ = l im i t  pressure
X = shape factors which depend upon length and width 
c
o f foundation, 
q = constant.
P
qE
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One disadvantage with pressuremeter tes t ing  is  tha t the so il  is
loaded ho r izo n ta l ly  while in most cases, the ve r t ica l properties o f the
so il are required.
3.3.4 Penetration Tests
Penetration tests are commonly employed in the p red ic tion  o f  * 
settlement o f  foundations, especia lly  in granular s o i ls .  As penetration 
tes t ing  is  the major theme o f the present thes is , i t  w i l l  be dea lt w ith 
in de ta il in Chapter 5.
3.3.5 Seismic Methods
Shear modulus is  an important so i l  property used in  the analysis 
and design o f  structures and foundations subject to dynamic loads.
Shear modulus can be computed from shear wave ve lo c ity  which in  turn can 
be measured in the f ie ld  using seismic techniques or in the labora to ry , 
using a so-called resonant column or pulse technique.
Seismic methods have drawn some a tten tion  from many workers in
the past decade fo r  example Anderson and Woods (1975), Stokoe and Woods 
(1972), Stokoe and Abdel-razzak (1975) and Ballard and McLean (1975).
3.4 BACK - ANALYSIS
The back analysis method involves the measurement o f  the deforma-r 
tions o f  an ex is t ing  s tructure  and comparison with the deformations 
predicted by ana ly tica l methods such as the f i n i t e  element ana lys is .
The deformation parameters are then adjusted in  order to obtain compati­
b i l i t y  between the predicted and measured deformations. The obtained 
parameters are then used to pred ic t deformation a t d i f fe re n t  s i te s .
Many investigators  have successfully used the method fo r  pred ic ting 
deformations in Chalk and London Clay (Cole and Burland, 1975, Burland 
et a l ,  1973 and Creed 1979). In sand however th is  method is  not known 
to have been used.
Vargas (1961) used a d i f fe re n t  approach in back analysis to 
estimate the settlement o f t a l l  bu ild ings founded on sand in Sao 
Paulo. The computed settlements were based on the fo llow ing in te g ra l .
To f in d  E , Vargas assumed there was a p ro p o r t io n a l i ty  between 
E and a •
00
3.5
where
W -  settlement o f foundation.
az = ve r t ic a l pressure due to weight o f the s o i l  plus 
the increment o f  pressure due to the applied 
foundation load.
a = rad ia l pressure equal to the horizontal a t re s t 
pressure plus the horizontal component o f  pressure 
due to applied foundation load.
E = modulus o f com press ib il ity  o f  sand.
z r
E -  aa 
z r
3.6
where
cc = c o e f f ic ie n t  o f p ro p o r t io n a l i ty .
As defined above, the radia l pressure could be w r i t te n  as:
3.7
r  o r
where
Kq = c o e f f ic ie n t  o f earth pressure at re s t.
<5 = u n it  weight o f s o i l .
Z = depth.
Substitu ting  equation 3.6 and equation 3.7 in equation 3.5, the 
fo llow ing equation was obtained.
oo
W = —  f  5 i ~ 0r dz   3.8
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Vargas found values o f  the c o e f f ic ie n t  « based on the observed
settlement o f  many build ings in Sao Paulo. The d is tr ib u te d  pressures
oz and a were computed using procedures based on the theory o f
e la s t ic i t y .  Vargas however did not mention the procedure fo r  determining
K . I t  is  assumed however tha t was also estimated from previous o o r .
experience. The average c o e f f ic ie n t  « found fo r  Sao Paulo d i s t r i c t  
was about 1 0 0 0 .
CHAPTER 4
STRESS DISTRIBUTION THEORIES
4.1 INTRODUCTION
The knowledge o f stress d is t r ib u t io n  and displacements in a 
so i l  is  o f  v i ta l  importance in so il  mechanics, because most settlement 
ca lcu la tion  methods require knowledge o f the stress d is t r ib u t io n  and 
displacement in the so il mass. Most o f the ex is ting  stress d is t r ib u ­
t ion  theories are based on the c lass ica l theory o f e la s t ic i t y .  Hence 
the s tre ss -s tra in  re la t ionsh ip  o f the so il is  assumed to be l in e a r  
and obeying Hooke's law.
4.2 SOLUTIONS BASED ON THE THEORY OF ELASTICITY
4.2.1 Point Loading
The stress d is t r ib u t io n  in an iso tro p ic ,  homogeneous, l in e a r ly  
e la s t ic  h a lf  space resu lt ing  from a po in t load applied normal to the 
surface was analysed o r ig in a l ly  be Boussinesq (1885). The fo llow ing  
equations were obtained.
az = 3PZ3 = 3P 4.1
2 5/2
a,r P 3Zr2 1 - 2v 4.2
2tt r 5 R + z
e -
2ir \ .R  (R + Z) R /
4.3
Trz = ~ 4.4
*ez = Tr 0 o 4.5
Where v is  Poisson's ra t io  and the other notations are defined in 
Fig. 4.1.
In the case o f a po in t load on a f i n i t e  layer underlain by a 
rough r ig id  base, the stress d is t r ib u t io n s  are d i f fe re n t  from tha t 
obtained by Boussinesq and th is  problem has been studied in  d e ta i l  
by Burmister (1943, 1945). Numerical values fo r  the displacements 
under a po in t load on a f i n i t e  layer have been tabulated by Poulos
4.2.2 D is tr ibu ted Loads On The Surface Of a S em i-In f in ite  Mass
The resu lts  o f the Boussinesq (1885) po in t load problem can be 
used in ca lcu la ting  the stresses a t a po in t in the so il  mass due to 
uniform stresses d is tr ib u te d  over regular and ir re g u la r  areas on the 
surface o f the h a lf  space. Various methods have been introduced and 
perhaps the most widely used are those by Steinbrenner (1936), Newmark 
(1942), Fadum (1948), Foster and Ahlvin (1954), and Janbu, Bjerrum and 
K jaernsli (1956).
Newmark (1935, 1942) developed charts fo r  determining stress 
d is tr ib u t io n s  under uniformly d is tr ib u te d  loading over any area. 
Jurgenson (1934) and Steinbrenner (1936) have presented values o f 
stress d is tr ib u t io n s  resu lt ing  from a uniform v e r t ica l loading on an 
in f i n i t e  s t r ip  area.
Stress d is tr ib u t io n s  beneath the corner o f a rectangular area 
have been presented by Steinbrenner (1936), Ho11 (1940), Fadum (1948)
(1967 ).
and Giroud (1970).
Stress d is tr ib u t io n s  fo r  loading on a c i rc u la r  area have been 
presented by Foster and Ahlvin (1954) Ahlvin and Ulery (1962). Nishida
(1966) has derived expressions fo r  the v e r t ic a l  stress beneath the 
centre o f  a c i rc u la r  area.
4.2.3 Surface Loading o f a F in ite  Layer Underlain by a Rigid Base
The stress d is t r ib u t io n  in  an e la s t ic  medium of f i n i t e  thickness 
underlain by a r ig id  base has been investigated by B iot (1935), P icke tt  
(1938), Cummings (1941), Burmister (1956) Poulos (1967 ) and M ilov ic
(1970).
For uniform ve r t ica l loading on a rectangular area, Burmister
(1956) has evaluated the ve r t ica l stress beneath the corner o f the
rectangle a t various depths in the layer.
For loading on an in f i n i t e  s t r ip ,  Poulos (1967 ) produced in fluence 
factors fo r  the ve r t ica l displacement and ve r t ica l stress beneath the 
edge o f the s t r ip .
For loading on a c i rc u la r  area M ilov ic  (1970) has tabulated
solutions fo r  the stresses and displacements beneath the centre o f  the
c i rc le .
A compressible layer underlain by a r ig id  base causes a concentra­
t ion  and increase in stress beneath the loaded foundation throughout the 
depth o f the compressible layer.
4 .2 .4  Surface Loading For M u lt i-L a y e r  Systems
The d is t r ib u t io n  o f stresses under uniform loading o f m u lt i ­
layered systems have been studied by Steinbrenner (1934) Fox (1948a), 
Burmister (1945, 1938), Jones (1962),.Peattie (1962), and Gerrard (1969).
An approximate so lu tion fo r  m u lt i- la y e r  systems was f i r s t
suggested by Steinbrenner (1934). This method enables the v e r t ic a l  
surface displacement o f a loaded area to be estimated on the assumption 
tha t the stress d is t r ib u t io n  w ith in  the layered system is  id e n t ica l 
with the Boussinesq d is t r ib u t io n  fo r  a homogeneous s e m i- in f in i te  mass.
Fox (1948a) obtained contours (pressure bulbs) o f v e r t ic a l  stress 
in a two-layer system, under a uniform ly loaded c irc u la r  area. Gerrard 
(1969) produced a comprehensive series o f solutions fo r  the stresses 
and displacement a t selected points underneath a c i rc u la r  area and 
w ith in  a two-layered system.
For a uniform loading on a c i rc u la r  area on a three layered 
system, Jones (1962) has presented an extensive tabu la t ion  o f  the stresses 
a t the layer in terfaces on the axis o f the c i r c le .  Peattie (1962) 
has presented these stresses g raph ica lly . Ueshita and Meyerhof (1967) 
have evaluated the ve r t ica l surface displacement a t the centre and edge o f 
the c i r c le .
4.2.5 Stresses and Displacements in Anisotropic Media
The problem of stress d is t r ib u t io n s  resu lt ing  from a v e r t ic a l  
surface load on a s e m i- in f in i te  an isotrop ic  mass has been solved by 
Koning (1957) and de Urena e t al (1966). An ind ica tion  o f  the in fluence 
o f anisotropy on the stress d is t r ib u t io n  is  given in Fig. 4.2 which
shows the d is t r ib u t io n  o f ve r t ica l stresses fo r  the iso tro p ic  case 
and two an isotrop ic  cases.
For a s t r ip  and c irc u la r  loading on a s e m i- in f in i te  an iso trop ic  
mass, Gerrard and Harrison (1970a, 1970b) have given complete so lu tions 
fo r  the stress and displacement d is t r ib u t io n  w ith in  the mass.
The problem o f stress d is tr ib u t io n s  resu lt ing  from loading on 
an isotrop ic m u lt i- layered systems has been considered by Gerrard
(1967). Gerrard obtained a l im ited  number o f solutions ind ica ting  
the e f fe c t  o f  anisotropy on the stress d is t r ib u t io n  beneath a v e r t ic a l  
uniform loading on a s t r ip .  He also considered a l im ited  number o f  
cases invo lv ing uniform ve r t ica l stress on a c i rc u la r  area.
4.2.6 Stresses and Displacements in  a Non-Homogeneous E la s t ic  Mass
I t  has been standard practice to regard so i ls  as behaving as 
homogeneous e la s t ic  media, so tha t the e la s t ic  parameters are uniform 
through the h a lf  space. In nature however, the r i g id i t y  o f  s o i ls  
generally increases with depth as a consequence o f the increasing 
e ffe c t ive  overburden pressure. The e f fe c t  o f  varying e la s t ic  parameters 
with depth on the d is t r ib u t io n  o f stresses has recieved l i t t l e  a tte n t io n  
in  the past.
Hoi 1 (1940) developed a general form o f Boussinesq's c lass ica l 
equation, based on e a r l ie r  solutions o f G r i f f i t h  (1929) and Frohlich 
(1934). Hoi 1 (1940) included in  his work solutions fo r  po in t loading, 
and uniform ve r t ica l loading over c i rc u la r  and rectangular areas.
Perhaps the main con tr ibu tion  to the problem o f non-homogeneous 
so i ls  has been the work o f Gibson (1967), who solved the problem o f
stress d is tr ib u t io n s  resu lt ing  from a uniform s t r ip  loading on an 
e la s t ic -h a l f  space where Poisson's ra t io  remains constant but the shear 
modulus "G" increases l in e a r ly  w ith depth.
For a uniform loading over a c i rc u la r  area, Brown and Gibson 
(1972) have produced p ro f i le s  o f ve r t ica l surface displacement in  terms 
o f the value a t the centre fo r  three values o f Poisson's r a t io .
The problem of a f i n i t e  layer w ith l in e a r va r ia t ion  o f e la s t ic  
modulus with depth has been considered by Gibson, Bfown and Andrews
(1971). They produced p ro f i le s  o f v e r t ic a l  surface displacement due to 
uniform s t r ip  and c irc u la r  loading.
4.3 OTHER THEORIES
Theories other than those re la ted to the c lass ica l theory o f 
e la s t ic i t y  have been developed to determine the d is t r ib u t io n  o f  stresses 
in  s o i ls .  These can be c la s s if ie d  as those theories re la ted to non­
l in e a r  e la s t ic i t y  and those re la ted to the p la s t ic i t y  approach. These 
however are less used in practice and hence w i l l  be mentioned only 
b r ie f ly .
Theories which consider the non-linear e la s t ic  behaviour o f s o i ls  
are rare mainly because o f the complexity o f the mathematics involved. 
Probably the f i r s t  so lu tion was tha t o f Hruban (1958a, 1958b), who 
treated the case o f a point load acting on the surface o f a homogeneous 
iso trop ic  so l id .  However with the development o f e lec tron ic  computers 
and numerical methods o f analysis such as f i n i t e  element methods, i t  
has been possible to approximate non-linear, non-e lastic  so i l  behaviour 
in  stress analysis. Among the studies which have made use o f  the f i n i t e
element method to investigate the behaviour o f so i ls  are those by 
Duncan and Chang (1970), Desai and Reese (1970) and Hartman (1974).
Janbu (1967, 1970) suggested a p la s t ic i t y  approach to determine 
the stress d is t r ib u t io n  in s o i ls .  This method was developed a t the 
Norwegian Geotechnical In s t i tu te  in  1960. I t  involves v e r t ic a l  
equ ilib rium  between the net applied loads, the ve r t ica l stress increase 
and the ve r t ica l shear along the edges o f the foundation.
Empirical stress d is t r ib u t io n  methods have also been suggested 
by some workers. These methods are not based on the theory o f  e la s t ic i t y  
and are ra re ly  used, and much o f the work is  inaccessible (Strohschneider, 
1912; Kogler and Scheidig, 1948, Bandel 1949, and Brinch-Hansen, 1966).
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Fig.4.1 Stresses in elastic half_space due
to point load at the surface 
(from Winterkorn and Fang 1975)
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CHAPTER 5
ESTIMATING SETTLEMENTS ON SAND USING RESULTS OF PENETRATION TESTS
5.1 INTRODUCTION
In Chapter 3, the methods o f determining the deformation characte­
r i s t i c s  o f  sands were ou tlined and divided in to  two main groups, laboratory 
methods and in - s i tu  methods. Penetration tes t ing  is  the most widely 
used f ie ld  te s t  by which engineers attempt to p red ic t the settlement 
behaviour o f  sands.
According to Sanglerat (1972), penetration tests evolved from 
the need to obtain engineering data from the ground which could not be 
obtained by other means. A penetration te s t  simply consists o f pushing 
or d r iv ing  a rod or penetrometer in to  the ground. The resistance o f the 
so i l  to penetration o f  the rod or penetrometer is  measured and in te rp re ted  
in order to obtain the required engineering parameters o f the s o i l .
Many types o f  in -s i tu  penetration tests are used. Their designs 
and applications are described in Sanglerat (1972), the proceedings 
o f  the European Symposium on Penetration Testing (Stockholm, 1974), 
and the In ternationa l Society fo r  Soil Mechanics and Foundation 
Engineering's (I.S.S.M.F.E) Report o f  the Sub-Committee on the Penetration 
Test fo r  Use in  Europe (1977).
There are two main methods o f penetration tes ting  which are widely
used:
( i )  Dynamic penetration tes ts : Whereby a so l id  rod or a tube is  driven 
in to  the ground by a drop weight or mass fa l l in g  f re e ly  against 
the push rods o f the penetrometer.
( i i )  Quasi-static  penetration tests : Whereby the penetrometer is  pushed 
in to  the ground.using a hydraulic jack.
Although many shapes and sizes o f penetrometers are used in 
d i f fe re n t  parts o f the world, however only two tests are accepted by 
the A.S.T.M, and the I.S.S.M.F.E in Europe. The "Standard Penetration 
Test" (SPT) is  widely used in B r i ta in ,  the USA and other countries.
The "S ta t ic  Cone Penetration Test" which is also known as the "Dutch 
Cone Test" has been extensively used in Europe fo r  over 40 years 
and more recently  has gained in te re s t  is  the U.S.A.
5.2 THE "STANDARD PENETRATION TEST"
The o r ig in  o f the standard penetration te s t  has been described 
by Fletcher (1965). In 1902, Colonel C.R. Gow introduced an open- 
ended pipe which was driven in to  the ground to obtain samples o f 
s o i l .  The pipe, 1 in .  in diameter, was driven in to  the ground using 
a 110 lb  weight.
In the years tha t fo llowed, the te s t  evolved in many procedures. 
Terzaghi and Peck (1948) described the standard penetration te s t  as 
d r iv ing  a 2 in .  outside diameter, 1 |  in .  inside diameter spoon in to  
the so i l  using a 140 lb  weight f a l l in g  f re e ly  a distance o f  30 in .
The f i r s t  6 in .  o f penetration is  discarded and the number o f blows 
required to drive the spoon a fu r th e r  12 in .  is  regarded as the 
Standard Penetration Resistance. This descrip tion has been reported 
elsewhere (Terzaghi and Peck 1967, Bazaraa 1967, Sutherland 1963,
1974, F letcher 1965). The presently accepted methods (B.S. 1377:
1975, A.S.T.M. D1586-67) have provided standard de ta i ls  o f the tool 
which are broadly s im ila r  to the o r ig ina l Terzaghi and Peck (1948) 
descrip tion .
In the case o f very f in e  sands or s i l t y  sands below water tab le 
and when the blow count "N" is  greater than 15, Terzaghi and Peck 
(1948) suggested a correction to the measured "N" value in the fo llow ing
form.
N' = 1 5 + 1  (N -  15) . . . . . .  5.1
Where .
N1 = corrected N-value 
N = measured N-value
Although th is  correction is  s t i l l  followed (Sutherland 1974,
Simons and Menzies, 1975, Tomlinson, 1975), however no mention o f  th is  
correction has been found in la te r  works o f  the two workers (Terzaghi 
and Peck 1967, and Peck, Hanson and Thornburn, 1974). I t  is  only 
mentioned tha t the blow counts in such so i ls  should be in te rpre ted 
with caution.
5.3 METHODS OF PREDICTING SETTLEMENTS ON SAND USING RESULTS OF THE
s T m m r m m T i w  t e s t  ~
Following the o r ig ina l method by Terzaghi and Peck (1948), many 
methods o f  estimating the settlement o f foundations using the SPT resu lts  
have been proposed, There are approximately 25 methods or m odifications 
tha t could be id e n t i f ie d  from the l i te ra tu re  and are ou tlined  by Ta lbot, 
(1981) . Some o f  the more widely used methods have also been reviewed by 
Jorden, (1977), Sanglerat (1972), Sutherland, (1974) and Dikran (1980).
In th is  section i t  is  intended to review some o f the methods o f  
p red ic ting settlements which are widely used. A method o f  in te re s t  
which is  proposed by Louw (1971, 1977) is  also reviewed because Louw 
claimed tha t the methods predicted settlement w ith remarkable accuracy.
5.3.1 Terzaghi and Peck (1948)
The f i r s t  chart re la t in g  SPT N-values with settlement o f footings 
in granular so ils  was presented by Terzaghi (1947). The pub lica t ion  o f
the famous book, Terzaghi and Peck, (1948) however caused the method 
to be widely used and c ited  from the book. The chart is  presented in 
Fig. 5.1, and gives a re la t ionsh ip  between the standard penetration 
N-value fo r  the sand, the width o f the foundation in fee t and the 
applied bearing pressure in  to n s /s q . f t .  to give a settlement o f 1 inch.
The chart was o r ig in a l ly  prepared on the basis o f ava ilab le  data 
on the behaviour o f  ex is ting  build ings and also on surface load tes ts .
At tha t time however, actual measured settlements o f  structures were not 
ava ilab le , and hence these were estimated in Terzaghi and Peck's work. 
Bazaraa (1967) mentioned tha t the penetration tests carr ied out in many 
areas a t tha t time were not standard, fo r  example, in the Boston area, 
the spoon used had an O.D. o f 1§ in .  and an I.D . o f 1 in .  Hence, the 
chart is  approximate and apparently i t  was intended o r ig in a l ly  to be 
conservative.
In using the chart, the average measured N-values are used fo r  
the sand between the foundation level and a depth "B" equal to the 
foundation width below i t .
Terzaghi and Peck applied a correction fo r  the e f fe c t  o f .
submergence o f the sand located below the base o f  the foo t ing . They
stated tha t i f  the depth ra t io  D^/B fo r  the foundation is  small, then
the values obtained from the chart should be reduced by 50% or the
settlement doubled, i . e  C = 2. On the other hand, i f  the depth ra t iow
is  close to un ity ,  then two-th irds o f the values from the chart are to 
be used. This correction has been d i f fe re n t ly  explained by various 
authors (Bazaraa, 1967, D'Appolonia e t a l , 1970, a ,b , Sutherland 
1974, Simons and Menzies, 1975, Tomlinson, 1975). I t  is  generally 
accepted however to fo llow  D'Appolonia e t al and Simons and Menzies 
explanation, which implies tha t i f  the ground water table is  a t ,  or 
above, the base o f the foundation, then the settlement is  doubled,
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i . e .  Cw= 2. I t  has no e f fe c t  i f  i t  is a t or below 2B below foundation 
base.
A fu r th e r  correction fa c to r  Cq fo r  the depth o f embedment o f 
foo ting was recommended by Terzaghi and Peck, (1948). varies from 
1 to 0.75 as the level o f the base o f the foundation varies between 
ground level and a depth B below ground le ve l.
5 - 3 - 2 Alpan (1964)
This methods is  mainly derived from the o r ig in a l Terzaghi and
p
Peck (1948) co rre la t ion  between the settlement 6Q o f  a 1 f t  p la te 
load te s t  and the settlement 6^ o f a foo ting with width B (see equation
3.1).
Alpan (1964) introduced the fo llow ing set o f equations which 
apply only fo r  the l in e a r part o f the settlement versus applied pressure 
in p la te load tests and also in  actual foo tings.
V  V ' ’  5 - 2
“ 3= V q   5 , 3
V « o [ > - > ] 2 . . . . . . .  5 .4
Where
a = a constant.
o
6 = settlement o f p la te , in .o
q = contact pressure beneath p la te , to n s /s q . f t .  
cc = a constant.D
6 3= settlement o f foo ting , in .
B = width o f foo t ing , f t .
In the proposed method, the measured N-value a t foundation level 
is used and corrected fo r  the e f fe c t ive  overburden pressure using the 
chart in Fig. 5.2. This chart was prepared o r ig in a l ly  by Coffman
(1960) based on the work o f Gibbs and Holtz (1957). I t  is  to be noted 
tha t Alpan did not mention the method o f obtaining a representative 
N-value, however in a numerical example he used the measured N-value 
at foundation leve l.
From Figs. 5.3 and 5.4, the value o f «o is  determined using 
the corrected N-value, checking in Fig. 5.3 tha t the proposed applied 
pressure q is  less than tha t defin ing the l im i t  o f  the l in e a r  range.
The ra t io  « /«  q is  determined from Fig. 5.5 which represents the 
o r ig ina l Terzaghi and Peck (1948) co rre la t ion  fo r  load tests  (equation
3.1). F in a l ly  the settlement o f the foo ting  is  determined using 
equation 5.3. For other than square or c i r c u la r  foundations, Alpan 
proposed 6D m u lt ip l ie d  by a shape fa c to r  m' given in  Fig. 5.6.
Alpan (1964) considered the e f fe c t  o f ground water tab le on 
settlement and proposed a correction be made iden tica l to the o r ig in a l 
Terzaghi and Peck (1948) correction re ferred to in Section 5 .3 .1 . In 
cases o f very f in e  sands and s i l t y  sands, Alpan also proposed corrections 
to be made to N-values greater than 15 and according to the o r ig in a l 
Terzaghi and Peck (1948) equation 5.1.
5.3.3 Meyerhof (1965)
Meyerhof presented the fo llow ing equations fo r  the ca lcu la t ion  o f 
settlements on sand.
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and fo r  ra f ts  on sand
Where
B = foundation width in fee t.
N = standard penetration value as measured.
S = settlement in inches.
q = allowable bearing pressure, to n s /s q . f t .  a
The above equations correspond approximately to the standard 
Terzaghi and Peck (1948) chart (Fig. 5 .1). Meyerhof realised tha t 
the Terzaghi and Peck (1948) method o f pred ic ting settlements was 
conservative and gave high values o f calculated settlements compared 
to the measured settlements o f bu ild ings. He reviewed settlement 
ca lcu la tions fo r  a number o f cases and found tha t w ithout making 
allowance fo r  the position o f  the water tab le , the predicted settlements 
were generally 1.5 to 3 times greater than those measured. He proposed 
tha t the water table correction should be ignored, the e f fe c t  o f 
submergence being re f lec ted  in the measured N-values. He also 
recommended tha t the bearing pressures obtained by the Terzaghi 
and Peck (1948) method should be increased by 50%. Meyerhof however 
accepted tha t a foundation embedment correction and a correc tion  fo r  
submerged f in e  sands and s i l t y  sands be introduced, s im ila r  to the 
Terzaghi and Peck (1948) procedure.
5.3.4 D'Appolonia, D .J., D'Appolonia, E and B r isse tte , R.P., (1970)
D'Appolonia et al (1970) proposed an approach fo r  estimating 
settlement o f footings on sand which is  based on the theory o f  
e la s t ic i t y .  The method uses an empirical co rre la t ion  developed from 
case studies re la t in g  the modulus o f com press ib il ity  o f the sand to 
the measured N-values. The e la s t ic  theory equation is  in  the fo llow ing
form:
  5 .8
Where
6 = settlement o f foo ting .
P = average applied foundation pressure
B = smallest foo ting  dimension. •
M = modulus o f compressibi1i t y  which is  equal to 
E 2/1 -v  , where E is  the Young's modulus and v is  
the Poisson's ra t io .
I = an influence fa c to r  depending on foo ting  geometry, 
depth o f  foo ting embedment, and thickness o f  the 
compressible layer ( I  = y 0y i )
To determine the influence fac to r  I ,  D'Appolonia e t al (1970)
recommend the use o f  a chart which was o r ig in a l ly  presented by Janbu e t al
(1956) and shown in Fig. 5.7. Although th is  chart is  s t r i c t l y  applicable
fo r  is o tro p ic ,  homogeneous, e la s t ic  m ate ria l,  D'Appolonia e t al claimed
tha t i t  gives accurate resu lts  fo r  non-homogeneous materials l i k e  sand
deposits, provided tha t a representative average value o f the modulus
of compressibi1i t y  M is  determined. However Chris tian and C arr ie r
(1978) pointed out tha t the o r ig in a l Janbu et al (1956) chart is  p a r t ly
taken from the work o f Fox (1948) and underestimates the correction
influence fac to r  y . They recommended the use o f  revised values o f  
o
pQ as proposed by Burland (1970) who studied the e f fe c t  o f  embedment 
o f foundations using f i n i t e  element methods. Chris tian and C arr ie r 
(1978) also pointed out tha t in presenting the values o f  the correction  
influence fac to r  y ; Janbu et al have miscalculated the values o f  y^ 
fo r  H/B less than 5. Chris tian and C arr ie r (1976) re ferred to the work 
o f  Giroud (1972) who presented improved values o f  y^ fo r  the average 
settlement o f a f le x ib le  loaded area. To prove the accuracy o f  th e i r
recommendations, Chris tian and Carr ier carried out a series o f  f i n i t e  
element analyses to determine the average settlement o f a c i rc u la r  
loaded area and came up with the conclusion tha t best resu lts  are 
achieved by using Burl and's correction fac to r  fo r  and Giroud's
resu lts  fo r  y . The improved chart is  presented in Fig. 5.8.
To, determine the sand modulus M, to be used in equation 5.8, 
D'Appolonia et al (1970) presented a co rre la t ion  between M and S.P.T. 
shown in Fig. 5.9. This co rre la t ion  was developed by back-analysis 
o f case records which are published in D'Appolonia e t al (1968). The
N-value used in the co rre la t ion  is  the average S.P.T. fo r  a depth o f
(B) below the base o f the foo ting . However D'Appolonia e t al (1970 b) 
recommended the use o f the average over a depth below the foo ting  
base. They also claimed tha t the co rre la t ion  was developed fo r  foo ting  
foundations and hence i t  should not be used fo r  ra f ts  nor should i t  be 
used in  s i l t s  and sandy s i l t s .
The main objection to the use o f th is  method l ie s  in  the pred ic tion  
from S.P.T. whether the sands are preloaded or normally loaded as there 
is  no ava ilab le  method o f determining overconsolidation o f sands from 
penetration tes t in g .
5.3.5 Parry, (1971)
Parry derived an equation fo r  estimating settlements on sands, 
using the measured standard penetration N-value. The equation in  S . I .  
units is :
s = 200 g B Cn CU| CT ..........  5 . 9
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where
6 = settlement in mm.
q = applied to ta l pressure in MN/m^.
B = width o f foundation in m.
N = measured N-value. m
Cp = fac to r  fo r  influence o f excavation.
Clt = fac to r  fo r  the influence o f  water tab le.
W
= fac to r  fo r  the thickness o f  compressible layer.
N is  the measured N value at a depth o f 1  B, i f  the N value varym 4
cons is ten tly  w ith depth below foundation base. I f  however the N values 
are not varying consis tently  w ith depth, the fo llow ing procedure was 
suggested by Parry fo r  obtaining N^:
The average value o f N between foundation base and a depth o f
3— B is  obtained and m u lt ip l ie d  by 3 to give 3Nn. The average value o f
4 1
N between 2  b and 1 J_ B is  obtained and m u lt ip l ie d  by 2 g iv ing 2N . The 
4 2 .
average value o f  N between 1 — B and 2B is  obtained as N . Then adding
2 3 
3N.j + 2N^  + N^  and d iv id ing  by 6 , a representative value o f Nm is  obtained.
This procedure o f obtaining Nm was introduced by Parry (1971) fo llow ing
the work o f Schmertmann (1970) where i t  was noted tha t s ig n i f ic a n t  s tra ins
occur to a depth o f about 2B. Parry assumed tha t approximately h a l f  o f
the settlement occurs between foundation base level and a depth o f  2  B
4
and the other h a l f  between 2  B and 2B. The other parameters in  equation
4
5.9 are C^, which is  a settlement fa c to r  taking in to  account stress changes 
taking place due to placing the foundations in  permanent excavation.
Cp can be obtained from Fig. 5.10. I f ,  however, the excavation is  b a c k f i l le d  
or when the foundation is  placed on the ground surface, then the value 
o f CD is  un ity . is  a correction fo r  the pos it ion  o f water tab le  and 
is  given by the fo llow ing equations:
D + 3 b 
4
where 0 < D,, < D w 5.10
or
Dw (2B + D - Dw)
where 0 < D < 2B 
W . . . .  5.112B (D + 0.75 B)
where
= depth o f water table from ground surface 
D = depth o f foundation
No correction is  needed fo r  surface footings or footings in 
back- f i l l e d  excavations i f  the ground water tab le does not r ise  a f te r  
the s i te  inves tiga tion  and during the l i f e  o f the s truc tu re .
the compressible sand stratum and is  given in Fig. 5 . 1 1 .
5.3.6 Tomlinson, (1969, 1975)
As i t  became c lear tha t the o r ig in a l Terzaghi and Peck (1948) 
chart overestimated settlements, especia lly  a f te r  the work o f  Gibbs 
and Holtz (1957), Tomlinson suggested su itab le  corrections should be 
made fo r  the e f fe c t  o f overburden pressure on the measured N-values.
He introduced the correction fac to r shown in  Fig. 5.12 which is  based 
on the work o f  Gibbs and Holtz. However some authors (Sutherland, 1974; 
Simons and Menzies, 1975) recommend th is  correction be applied with 
caution especia lly  a t shallow depths where correction factors o f  3 to 
4 could be applicable. Tomlinson agreed tha t a water table correc tion  
should be applied to the bearing pressures as suggested in the o r ig in a l 
Terzaghi and Peck method. He also recommended the Terzaghi and Peck 
correction fo r  measured N-values in f in e  sands and s i l t y  sands. To take 
the e f fe c t  o f depth o f foundation in to  account, Tomlinson recommended 
the use o f  the depth fa c to r  as obtained from Fox's (1948) correction  
curves which are shown in Fig. 5.13. Although th is  fa c to r  is  normally
C^ . is  a fa c to r  which takes in to  account the thickness "T" o f
ffl
CL
1000
750
co 500
II
2 250
All data 
sand oi
for foot 
' sand ar
.....1
ina foun 
ia  grave
Ml
i
dations c 
H
-^ P R E
>n clean 
LOADED SAND-
(4^
( 3 ) ^
a .
, 4 ^ ^ ,
B)
k(3)
^  •
(12)
• •_.— ' •
NORMALLY LOA 
SAND OR SAND 
GRAVEL
DED
AND
•-DATA POINT FROM TABLE 4 
A-INDIANA SITE ( Number in parenthe 
number of footings averaged to obtain 
I i i
if the 
date point)
J-------------- -
1 0 2 0 30 40 50 60 70
AVERAGE MEA§UR£t> SPT RESISTANCE IN 
DEPTH B BELOW FOOTING , BLOW ^/FT
Fig. 5.9 Correlation b etw een  modulus of
com pressibility ( m ) and SPT
(a fte r  D'Appolonia e t al 1970)
5 .0
4 .0
3 .0
2.0
2 8 1 04 60
g /B
Fig.5-10 Relationship b etw een  se ttlem ent 
factor CD and the ratio  d/ b 
(a f te r  Parry 1971)
1.0
CT
0.5
0.50 1.0 1.5 2.0
t/ b
Fig. 5.11 Relationship betw een se ttlem en t 
factor CT and th e  ratio J /B  
(a fte r  P arry  1971)
1000
a  2000
■O
3 0 0 0
4 0 0 0
5 0 0 0
2 . 3 41
Correction Factor=rporrecte^ j^ j va*ue-Measured N value
Fig.5.12 Correction factor fo r in fluence of 
effective  overburden pressure on 
S.P.T "n" value (a fte r  Tom linson 1969)
Ratio 
O S
i Corrected settlement for foundation at depth D
Calculated settlement for foundation at surface 
0.6 07 0.8 0.9 1.0
T  0
100j
0.2
2 5
0 3
0.4
x a
0.5
0.6
0.7
0.8
0.9
” 1.0
0 .9
0.8
0 .7
0.6
0 .5
0 .4
Numbers denote ratio
0 .3
2 50.2
•100
Fig .5.13 Fox's correction factor
( f r o m  F o x  1 9 4 8 b )
applied to the calculated settlements o f foundations on c lay, Tomlinson 
assumed i t  'can be equally used fo r  sands.
5.3.7 Peck, Hanson and Thornburn, (1974)
Peck et al (1974) introduced the design charts shown in Fig. 5.14, 
to replace the o r ig ina l Terzaghi and Peck (1948) chart. They stated tha t 
the la t t e r  chart was conservative and sometimes excessively overestimated 
settlements. The present charts also corre la te  the allowable bearing 
pressure with the N-values and B fo r  shallow foo tings, and are used fo r  
footings with B. To take in to  account the e f fe c t  o f  va r ia t io n  o f
ve r t ica l e f fe c t iv e  overburden pressure on the measured N-values, a 
correction fac to r  C was introduced as:
where P' is  the e f fe c t iv e  overburden pressure in to n /s q . f t .  a t the depth 
o f te s t .  For convenience, equation 5.12 was.represented by the chart shown 
in Fig. 5.15. However i t  must be noted tha t equation 5.12 leads to 
very high correction factors a t shallow depths whereas the chart has 
an upper l im i t  value o f  equal to 2. Another correction fo r  the e f fe c t  
o f ground water table was introduced as
The d ifference between these charts and the o r ig in a l Terzaghi 
and Peck (1948) chart is  noted in  footings o f  small widths. Peck et al 
(1974) charts shows tha t the allowable so il  pressure fo r  a given settlement 
increases with increasing width i f  the footings are re la t iv e ly  small,
N
5.12
D
VJ
C = 0.5 + 0.5 
N D + B 
f
5.13
where
= depth o f gound water from ground surface 
D = depth o f foo ting
i t  reaches a maximum beyond which the so il  pressure is  independent 
o f the width o f foo tings. In the case o f Terzaghi and Peck (1948) 
chart, the allowable bearing pressure is  constant fo r  narrow foo tings , 
decreasing s l ig h t ly  w ith an increase o f foo ting width.
5 . 3 . 8  Louw, (1971, 1977)
Louw (1971, 1977) has proposed a method fo r  estimating the 
settlements o f  structures founded on sands. In his method the C a lifo rn ia  
Bearing Ratio (CBR) te s t  is  considered to be a model o f the foo ting  or
foundation fo r  which the settlement is  desired. The f ie ld  CBR is
determined by using a portable dynamic cone CBR penetrometer te s t  
(DCPT) developed by Van Vuuren (1969). Louw found a re la t io n  between 
the Standard Penetration Test, the DCPT and CBR. He used th is  re la t io n  
to obtain the so il  com press ib i! ity  a t various depths. He made an 
attempt to determine the stress h is to ry  o f the so i l  p ro f i le  and i t s  over­
consolidation ra t io s .  Louw also took in to  account the e f fe c t  o f the 
presence o f water tab le , lowering the water tab le or a l te r in g  the 
overburden pressure before a load was applied. Several case studies 
reported in the l i te ra tu re  were analysed and presented by Louw, who 
showed his method gave remarkable re su lts .  Louw (1977) showed in  his 
case record studies tha t the ra t ios  o f the predicted to measured
settlements were as good as 0.98-1.00. Many ob jections, however have
been raised against th is  method which includes many assumptions 
(Giddings, 1978).
The method is  very complicated and hence is  not explained f u l l y  
herein. Calculations however were carried out on one case study ( r a f t  
o f  a th ir teen  storey bu ild ing (Stuart and Graham, 1974) which are shown 
in Appendix I .  Comments on and d i f f i c u l t i e s  with the method are 
presented in Section 6.3 .1.
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5.4 RELATIONSHIP BETWEEN THE STANDARD PENETRATION TEST AND THE
STATIC DUTCH CONE TEST
On many occasions the geotechnical engineer finds i t  necessary 
to convert the resu lts  o f SPT to Dutch cone or visa versa. Hence i t  
has become imperative to f in d  a re l ia b le  co rre la t ion  between the two 
tes ts . Many investiga to rs  have attempted th is  co rre la t ion  and among 
the f i r s t  was Meyerhof (1956) who from the resu lts  o f penetration 
tests a t two s ites  in  Canada, suggested the fo llow ing general 
re la t ionsh ip .
q = 4N   5.14c
where .
? 2= S ta tic  cone resistance in  to n n e s /f t *1 ^ Kg/cm 
N = Standard penetration value
As experience increased in the f ie ld ,  i t  became c lear tha t th is  
co rre la t ion  was not unique and i t  depended on other factors such as 
so il  type, grain s ize, gradation, and com press ib il ity  (Meigh and Nixon; 
1961; Rodin, 1961; Kantey, 1965; Sutherland, 1963, 1974; Schmertmann, 
1970; and Sanglerat, 1979; Thorburn, 1971).
Sutherland (1974) presented a table combining his experience
(Sutherland 1963) and the work o f Meigh and Nixon (1961) and Rodin
(1961). Sanglerat (1979) gave a comprehensive review o f previous
experience concerning the co rre la t ion  between s ta t ic  cone te s t  and
SPT. He published two tables o f in te re s t ,  one concerning the experience
o f F rank ip ile  engineers and the other by Velloso (1959); however Aoki
and Velloso (1975) published another table o f  c o r re la t io n ,  which is  more
extensive but s l ig h t ly  d i f fe re n t  from tha t published by Velloso (1959).
Dahlberg (1974) carried out tests in  preloaded coarse sands in  Sweden
and found tha t q = 7.5 N. Bolomey (1974) carr ied  out tests  in  Spain c
and found tha t q = 5 N fo r  marine coarse and f in e  sands and qc = 18 N
fo r  recent g rave lly  deposits, 
in Table 5.1.
A l l  mentioned corre la tions are summarized
TABLE 5.1
CORRELATION BETWEEN STATIC CONE TESTS AND SPT
Meigh & Nixon (1961)
S i l t y  f in e  sand 
Medium and coarse sand 
Gravelly sand 
Sandy gravel
Rodin (1961)
Fine to medium sand 
Sand with some gravel 
S i l t y  sand with gravel
Kantey (1965)
Fine sands 4
Schmertmann (1970)
S i l t s ,  sandy s i l t s ,  s l ig h t ly  cohesive
s i l t  sand mixtures 2
Clean, f in e  to medium sands and
s l ig h t ly  s i l t y  sands 3.5
Coarse sands and sands with l i t t l e  gravel 5
Sandy gravels and gravel 6
Frankip ile  engineers practice 
a f te r  Sanglerat (1979)_______
Clayey sand 6
S i l t y  sand 5
Sandy clay 4
Ratio q /N
4 
8 
12 
. 12-16
4
12
5-7
Velloso (1959)
(A fte r Sanglerat 1979)
Ratio q /N c
Sandy clay and s i l t y  sand 2
Sandy s i l t  3.5
Fine sand 6
Sand 10
Sutherland 1974 
Sandy s i l t
Fine sand and s i l t y  f in e  sand 
Fine to medium sand 
Sand with some gravel 
Medium and coarse sand 
Fine to medium sand 
Gravelly sand 
Sandy gravel
Aoki & Velloso (1975)
Sand 10
S i l t y  sand 8
S i l t y  clayey sand 7
Clayey sand 6
Clayey s i l t y  sand 5
S i l t  4
Sandy s i l t  5.5
Sandy clayey s i l t  4.5
Clayey s i l t  2.3
Clayey sandy s i l t  2.5
Sandy clay 3.5
Sandy s i l t y  clay 3
2.5
4.0
4.8
8
8
10
8-18
12-6
S i l t y  clay 
S i l t y  sandy clay
Dahlberg (1974)
Coarse sands
Bolomey (1974)
Coarse and f in e  sands 
Gravels
5.5 METHODS OF PREDICTING SETTLEMENTS ON SAND, USING RESULTS
OF STATIC DUTCH CONE TESTS
5.5.1 The S ta t ic  Cone Penetration Test (Dutch Cone Test)
The s ta t ic  cone penetration te s t ,  also known as the Dutch cone
te s t  or the q u as i-s ta t ic  penetration te s t ,  has been used extensively
in Europe fo r  over 40 years, and more recently  has gained in te re s t  in
the U.S.A. The te s t  uses a 60° cone with a cross-sectional area o f 
2
10 cm forced in to  the ground a t a reasonably constant rate o f s t ra in  
o f 2 cm/sec. Provision is  made to measure independently the po in t 
resistance and the resistance due to side f r i c t i o n .  The te s t  was f i r s t
devised to assess the bearing capacity o f p iles  but is  now used to
pred ic t the settlement o f structures on sands.
5.5.2 De Beer and Martens (1957)
(Also called the Buisman-De Beer method) .
Based on the resu lts  o f s ta t ic  cone te s ts ,  De Beer introduced a 
method o f ca lcu la ting  the settlements o f structures on sands. The method 
was f i r s t  used in settlement predictions o f  bridges founded on normally 
consolidated sands in  Belgium (be Beer 1948, 1965, De Beer and Martens 
1956, 1957). The method includes the determination o f the com press ib il ity  
c o e f f ic ie n t  C o f sands from the resu lts  o f  s ta t ic  cone tests  as o r ig in a l ly  
suggested by Buisman (1936).
2 Po'
C
where kd is  the s ta t ic  cone resistance and Po' is  the e f fe c t iv e  
overburden pressure a t the po in t o f measurement.
The settlement is then calculated using the fo llow ing equation
00
s = /H 2.3 log Po' + AP C Po' . . . .  5 . 1 5o
where AP is  the net increase in ve r t ica l stress a t the middle o f the 
layer, and H is  the thickness o f compressible layer.
To use the method, the cone penetration diagram is  divided 
in to  separate layers o f representative cone resistance. The average 
cone resistance o f  each layer is  taken fo r  ca lcu la ting  the com press ib il ity  
c o e f f ic ie n t .  The settlement o f each layer w ith in  the zone stressed by 
the foundation loading is  separately calculated and the resu lts  are 
added together to give the to ta l  settlement o f the so il  layers in  the , 
stressed zone.
Several modifications have been suggested fo r  the o r ig in a l 
De Beer and Martens (1957) method. That proposed by Meyerhof (1965) 
is  included here. Meyerhof compared the predicted and measured settlement 
o f several Belgian bridges, taken from De Beer and Martens (1957) method 
and found tha t the calculated settlements were w ith in  a range o f  1.2 
to 2.5 times the observed settlements with an average ra t io  o f calcu lated 
to observed settlement o f  1.9. He concluded tha t the method was 
conservative and hence proposed an increase o f the allowable pressure by 
50% to cause the same settlements. Schmertmann (1970) pointed out 
th a t th is  suggestion was equivalent to increasing the com press ib il ity  
c o e f f ic ie n t  C to:
which is  more convenient to use in settlement ca lcu la tions .
5.5.3 Schmertmann, (1970) and Schmertmann, Hartman and Brown, (1978)
C = 1.9 5.17
Po1
Schmertmann (1970) introduced a new approach, based on the s ta t ic  
cone penetration te s t  resu lts  in the ca lcu la t ion  o f settlement o f foo tings
on sand. He pointed out tha t the ve r t ica l s tra in  d is t r ib u t io n  under 
a foo ting does not fo llow  the same pattern as the ve r t ica l stress 
d is t r ib u t io n ,  and tha t the greatest s tra in  would not occur immediately 
under the footing as is  the greatest stress increase. Reviewing the 
work o f  Bond (1956), Ahlvin and Ulery (1962), Eggestad (1963), Harr 
(1966) and Holden (1967), Schmertmann introduced a s im p li f ie d  v e r t ic a l 
s tra in  d is t r ib u t io n  under foo tings, shown in Fig. 5.16. This d is t r ib u ­
t ion  considers the ve r t ica l s tra in  to extend to a depth o f 2B below 
the base o f foundation, with the greatest s tra in  occurring a t a depth 
o f  about 2, the value o f the maximum s tra in  influence fa c to r  I z being 
equal to 0.6.
Schmertmann introduced the fo llow ing equation fo r  the ca lcu la t ion  
o f settlements.
P =
° s
where
C-j is  a depth embedment correction fac to r  ranging from 1 to 0 .5 , which 
may be calculated from the fo llow ing equation:
C, = 1 -  0 . 5  Z ° ' n   5 . 1 9I l AP I
where
P 1 = e f fe c t ive  overburden pressure a t foundation level and Ap is  the 
net increase in v e r t ica l stress a t foundation le ve l.
C2 = correction fac to r taking in to  account creep with time. The 
fo llow ing equation used to f in d  is  based on the work o f  Nonveiler
(1963).
C-|C2 Ap
2B
. AZ 5.18
LE
where
ty r  = time in  years fo r  which the settlement is  to be calcu la ted.
E = modulus o f e la s t ic i t y .
I = s tra in  influence fac to r .
AZ = thickness o f compressible layer.
To introduce a co rre la t ion  between a sand com press ib i! ity  and 
s ta t ic  cone resistance qc , Schmertmann performed a large number o f
screw plate tests and backfigured the value o f E . The co rre la t io n
he found was:
To f in d  values o f the ve r t ic a l s tra in  influence fa c to r ,  I ,z
Schmertmann (1970) introduced a s im p li f ie d  t r ia n g le  (2B - 0 .6 ) ,  
constructed re la t in g  I w ith a dimensionless depth fac to r  ^/B/2 as 
shown in Fig. 5.16. The method o f settlement ca lcu la tion  is  best 
used by d iv id ing  the cone resistance diagram in to  layers o f  approximately 
equal or representative value o f qc , and the (2B - 0.6) curve is  
superimposed on th is  diagram. The settlements in  each layer re su lt in g  
from the loading AP are then calculated using the value o f  Eg and I ■ 
appropriate to each layer. The sum o f settlements in  each layers is  
then corrected fo r  the depth fac to r  and creep fac to r  using equations 
5.19 and 5.20.
Schmertmann et al (1978), a f te r  fu r th e r  studies on the o r ig in a l 
/
Schmertmann's s tra in  fac to r  method introduced some modifications which 
they claimed resulted in improved settlement predictions under fo o t in g s . 
These changes include the use o f two s tra in  fa c to r  d is t r ib u t io n s  as shown 
in  Fig. 5.17: one is  used fo r  square footings and the other fo r  long 
foo tings, using l in e a r in te rpo la t ion  fo r  intermediate foo tings . Other 
changes included using a variable value o f  maximum I instead o f  the
f ixed 0.6 value. The fo llow ing equation was introduced fo r  the ca lcu la ­
t ion  o f I Zp.
. p V 2
I = 0.5 + 0.1 (A !l)   5.22
avp
where
I = peak s tra in  influence fac to r .
zp
Ap = net increase in  foundation pressure. 
a 'vp = e^ ec'tl’ ve overburden pressure a t depth o f  maximum I z »
The o r ig in a l Es = 2qc was recommended to be replaced by Es = 2.5 qc 
fo r  square foo tings. For long footings (*~/B > 10) they recommended using 
the re la t io n  Es = 3.5 qc fo llow ing the work o f Lee (1970). Schmertmann 
et al (1978) reviewed the ca lcu la tions o f the cases in  the o r ig in a l paper 
and claimed tha t the revised settlement pred ic tion  were usually equal 
or superior to the predictions when using the s ing le Schmertmann (1970) 
d is t r ib u t io n .
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CHAPTER 6
APPLICATION OF SETTLEMENT CALCULATION METHODS TO CASE RECORDS
6 J  in t r o d u c t i o n
I t  was mentioned in Section 5.3 tha t approximately 25 methods 
could be id e n t i f ie d  fo r  the pred ic tion o f settlements on sand using 
resu lts  o f the Standard Penetration Test. I t  is  however noticed tha t 
many o f the methods have not been applied to actual case records 
(Talbot 1981). In some methods only a l im ited  number o f case records 
were applied by th e ir  re levant authors. I t  has been also noticed from 
l i te ra tu re  tha t some of the case records have only been applied to 
certa in  s ites  and certa in  countries. A method can only be successfully 
tested i f  i t  is  applied to several case records and a t d i f fe re n t  s i te s .  
But the reasons fo r  not having many case records are c lea r. I t  is  not 
easy to publish a case record because o f p ractica l d i f f i c u l t i e s .  A case 
record involves monitoring the movement o f the s tructure  during i t s  
construction, and post construction fo r  a period o f time.
In an attempt to examine how the methods o f  ca lcu la ting  settlements 
worked and to determine th e ir  v a l id i t y ,  a study was carried out on a 
number o f case records (Dikran, 1980). I t  was however not possible to 
te s t a l l  the ava ilab le  methods because o f lack o f time, but some o f the 
more widely used methods as reviewed in Chapter 5 were tested. The 
resu lts  o f the study are described below. . Recent developments in 
settlement analysis have been presented by Clayton, Dikran and 
M i l i t i t s k y  (1983).
6.2  CHOICE OF THE CASE RECORDS
A l i te ra tu re  search was carried out in order to se lect re levant 
case records on the basis tha t they included records o f observed 
settlements o f the s truc tu res, fo r  which the associated s i te  inves tiga ­
tions had yie lded in -s i tu  standard penetration or cone penetration tes ts . 
Idea lly  a case record should be confined to those s itua tions  where the 
subsoils are ne ither s t r a t i f ie d  nor the so il  types and th e i r  engineering 
properties are variab le w ith in  the influence o f the foundation. 
Unfortunately such ideal cases were not found and hence the most su itab le  
were chosen.
A to ta l o f 26 case records could be selected from the l i te ra tu r e .
13 case records were based on the standard penetration te s t .  In the 
s ta t ic  cone penetration tes t however 13 re levant case records were 
not found and hence, the la s t  three were standard penetration te s t 
cases fo r  which the resu lts  were converted to s ta t ic  penetration cases 
using the ava ilab le corre la t ions as described in Section (5 .4 ).
6.3 CASE RECORDS BASED ON SPT METHODS
The sources from which the standard penetration cases were chosen 
are mentioned in Table 6.1. Also recorded are the s truc ture  type, 
foundation geometry the actual measured settlements and summary o f the 
calculated settlements using the various methods.
I t  is  to be noted tha t in th is  study, de ta i ls  o f the ca lcu la tions 
are not given because o f lack o f space. Hence only a summary o f  the 
calculated settlements are given.
Calculations by D'Appolonia et a l 's  (1970) method were carried  out, 
both fo r  the preloaded and normally loaded cond it ion , because in  most of 
the cases i t  was not possible to determine whether the sands were
preloaded or normally loaded.
In Alpan's (1964) and Tomlinson's (1969) methods, separate ca lcu la ­
tions were introduced w ithout including a correction fo r  the influence 
o f water tab le .
In order to fu r th e r  compare the resu lts  o f the various methods,
Table 6.2 is  introduced which contains the ra t io  o f the calculated to 
observed settlements. In D'Appolonia e t a l 's  method, two columns are 
added, one showing the closest value to the measured settlement, the 
other taking the average o f the ra t ios  fo r  the overconsolidated case 
and normally consolidated case.
From Table 6.2, the various methods have been grouped in to  four 
categories according to the accuracy o f  settlement pred ic tion  o f  each 
group. This is  shown in Table 6.3, which shows tha t the methods in 
group 4 have given be tte r resu lts  compared with the other methods. I t  
may be observed however, tha t even the methods in group 4 have some 
drawbacks, fo r  example, in D'Appolonia e t a l 's  method, taking the 
nearest value to the measured settlement, gives good resu lts  w ith an 
average ra t io  o f calculated to observed settlement o f  0.99 and a range 
l im i t  o f  0.57 - 2.11. Unfortunately there is  no ava ilab le  method o f 
determining whether a sand is  preloaded or normally loaded from the 
resu lts  o f penetration tests in order to use th is  method successfu lly .
As fo r  the other three methods in group 4, although g iv ing sa t is fa c to ry  
average ra t ios  o f calculated to measured settlements, however the range 
o f sca tte r is  s t i l l  high. Simons and Menzies (1975) calculated the 
settlement o f s ix  structures using e ight methods based on SPT and the 
s ta t ic  Dutch cone, and compared the resu lts  w ith the measured settlements 
and found tha t Alpan's (1964) method based on SPT gave the best agreement. 
They observed however tha t the ranges o f calculated to measured settlement
were very wide. In comparison to the resu lts  o f the present study,
Simons and Menzies values o f calculated settlements are generally 
lower, also in th is  study, Alpan's method has not given the best re su lts .  
Simons and Menzies (1975) also did not include D'Appolonia e t a l 's  
(1970) method. On the other hand, the wide range o f scatter has been 
observed in both studies. Simons and Menzies pointed out the reason 
fo r  th is  scatter was tha t penetration tests do not measure com press ib il ity  
d i re c t ly  and in  p a r t ic u la r ,  the te s t  resu lts  do not ind ica te  whether 
a granular deposit is  normally or overconsolidated and th is  is  an 
important factors governing the settlement o f s tructures.
I t  should also be noted from Table 6.2 tha t not considering 
water tab le correction in Alpan's and Tomlinson's methods resulted 
in  improved settlement pred ic tions, hence supporting Meyerhof's 
(1965) view in  th is  aspect tha t the e f fe c t  o f submergence is  re f lec ted  
in the measured SPT.
I t  is  o f  in te re s t  to mention the work o f Talbot (1981) who 
independently co llected 360 case records and came up with the same 
conclusion tha t D'Appolonia e t a l 's  (1970) and Parry's (1971) methods 
gave be tte r pred ic tions.
Talbot however did not compute the settlements by the various 
methods but accepted the settlement ca lcu la tions by the re levant 
authors as correct.
A s im ila r  study o f case records was carried out by Clayton, Dikran 
and M i l i t i t s k y  (1983) who included " s ta t is t i c a l "  methods o f  settlement 
analysis. Clayton e t al (1983) concluded tha t methods such as those 
proposed by Schultze and Sherif (1973) and Burland Broms and de Mello 
(1977) seemed to represent an improvement in the a b i l i t y  to p red ic t 
foundation settlements.
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TABLE 6.3
COMPARISON BETWEEN SPT METHODS OF SETTLEMENT CALCULATIONS
1. Conservative methods
2. Methods under-estimating settlement
3. Methods with wide sca tte r o f s e t t le ­
ment ra t io  ranges, but w ith good 
average ra t io  between calculated and 
measured settlement
4. Methods with less sca tte r o f  s e t t le ­
ment ra t ios  and good average ra t io  
between calculated and measured s e t t le  
ment
Terzaghi and Peck (1948)
Peck, Hanson and Thornburn 
(1974)
D'Appolonia (1970) ( fo r  over­
consolidated case)
Meyerhof (1965)
Tomlinson (1969)
Tomlinson (1969) w ithout 
W.T. correction 
Alpan (1964)
Alpan (1964) w ithout W.T.
correction
D'Appolonia (1970) (tak ing 
nearest value to measured 
settlement)
D'Appolonia ( fo r  normally 
consolidated case)
D'Appolonia (average)
Parry (1971)
6 .3 .1  Comments on Louw's (1971, 1977) Method
An attempt was made to use th is  method to ca lcu la te the 
settlement o f the r a f t  o f a th ir teen  storey bu ild ing (S tuart and 
Graham (1974)). The ca lcu la tions are shown in Appendix I . I t  
was observed tha t the ra t io  o f the calculated to observed settlement 
was found to be 19.7. Louw (1977) in  a number o f calculated case 
h is to r ie s ,  showed tha t the ra t io s  o f calculated to observed 
settlements were o f the order o f  un ity .  In the present study, 
however these cases were recalculated and d i f fe re n t  resu lts  were 
obtained. The objections raised against th is  method can be pointed 
out as fo llows:
1. I t  is  very d i f f i c u l t  to determine the depth (Dq) in  the
o r ig in a l deposit before any other layer was la id  down on top 
o f i t  or any material was removed. The author suggested using 
the RD2 p lo t  (RD2 is  the in -s i tu  re la t iv e  dens ity ). From th is  
p lo t  he attemped to establish the sequence o f deposits present 
in so il p ro f i le .
2. To determine (an e f fe c t ive  ve r t ica l stress a t any time during 
v irg in  conso lida tion), i t  is  necessary to know whether the 
o r ig ina l material was deposited under water or by a stream but 
where the water level receded qu ick ly . This is  also d i f f i c u l t
i f  not impossible to determine.
3. The determination o f  RDq (Relative density o f the deposit during
o r ig ina l state o f v irg in  consolidation) is  very crude, i . e .
the author claimed RDQ = 3.3DQ where D0 is  as in  (1) above.
4. The author proposed the determination o f  RDQc= 1.2RD2 (RD0C
being the re la t iv e  density a t maximum past pre-consolidation 
pressure). This is  also an a rb i t ra ry  method and cannot be 
accepted.
5. The determination o f U-| which is  a fac to r  depending on the 
thickness o f compressible layer is  also.under question. In 
the two solved case studies, the author determined U-| by 
taking H = 1.97 m in the case o f  an o i l  tank at Fawley and 
H = 2.4 m in the case o f  a r a f t  a t Dungeness nuclear power 
s ta t ion  near Lydd. These two thicknesses are nowhere near 
the true thicknesses o f the compressible layers as described 
in the o r ig in a l references o f the case records.
6.4 CASE RECORDS BASED ON STATIC CONE METHODS
The references from which the s ta t ic  cone cases were chosen are 
mentioned in Table 6.4. Recorded also, are the s tructure  type, founda­
t ion  geometry and a summary o f the measured and calculated settlements 
o f the 13 structures.
Table 6.5 is  presented to show the ra t io s  o f the calcu lated to 
observed settlements. I t  can be seen tha t Schmertmann's (1970) method, 
although g iv ing a be tte r average ra t io ,  compared with the other methods, 
gives a scatter (0.25 - 2.58) which is  qu ite  wide and which means tha t 
th is  method can seriously underestimate settlements. Another problem 
with th is  method can be observed from the resu lts  o f case No. 7.
The foundation o f the s tructure is  a large r a f t  founded 9.0 m below 
ground surface. The calculated settlement using a net increase in 
the e ffe c t ive  stresses a t foundation level as the method im plies , 
would re s u lt  in a f igu re  o f  9.12 mm which is  much less than the 
measured settlement o f 63 mm. However using the gross loads applied 
a t foundation le v e l,  an improved f ig u re  o f 84.7 mm is  obtained. This 
suggests tha t in large deep excavations, e la s t ic  rebound o f the bottom
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TABLE 6 .5
RATIO OF CALCULATED TO OBSERVED SETTLEMENTS FOR 
STATIC CONE PENETRATION METHODS FOR 13 STRUCTURES
Reference Buisman De 
Beer
(1957)
Buisman De 
Beer 
modified by 
Meyerhof
Schmertmann
(1970)
Schmertmann 
e t al 
(1978)
De Beer (1957) 2.00 1.57 0.63 0.71
De Beer (1948) 0.88 0.69 1.03 1.02
De Beer (1948) 2.72 2.14 0.25 0.21
Garga & Quin (1974) 1.76 1.38 2.58 2.07
Grimes & Cantlay (1965) 2.32 1.83 1.73 1.41
Webb (1969) 1.50 1.18 1.07 1.15
Dunn (1974) 2.30 1.81 1.34 1.25
G ie l ly  et al (1974) 1.36 1.07 T .06 1.77
Breth e t al (1974) 2.31 1.81 1.74 1.91
Wennerstrand (1979) 0.61 0.47 0.71 0.96
Meigh & Nixon (1961) 1.30 1.00 1.26 1.09
Levy & Morton- (1974) 0.42 0.32 0.64 0.63
Levy & Morton (1974) 0.68 0.54 1.43 1.66
AVERAGE 1.55 1.21 1 .19 1.22
Range 0.42-2.32 0.32-2.14 0.25-2.58 0.21-2.07
Log (Pobs/Ppred) max. 
10(pobs/ppred) min. 0.74 . . 0.83 1.01 0.99
may be excessive, hence gross loads should be used in ca lcu la tions 
using the Schmertmann (1970) method. The modified method suggested 
by Schmertmann et al (1978) has not given improvements in settlement 
predictions as observed in Table 6.5.
Buisman - De Beer's method has given a s l ig h t ly  conservative 
average ra t io  o f 1.55. This f igu re  is  s l ig h t ly  lower than the 
1.9 f igu re  observed by Meyerhof (1965). Meyerhof however based his 
analysis on a l im ited  number o f cases, mostly on Belgian bridges. 
Simons and Menzies (1975) calculated the settlement o f s ix  structures 
and found the average ra t ios  o f calculated to observed settlement 
to be 3.22 fo r  the Buisman - De Beer's method and 1.48 fo r  the 
Schmertmann method. These figures are higher than those in Table 6.5. 
I t  is  also noted from Table 6.5 tha t the m odification suggested by 
Meyerhof (1965) has reduced conservatism in the o r ig in a l Buisman - 
De Beer's ca lcu la tions.
6.5 COMPARISON BETWEEN SPT AND STATIC CONE METHODS
The main comparison between the SPT and the s ta t ic  cone methods 
can be summarized in  the fo llow ing :
a- The SPT methods have given a higher sca tte r in the ra t io s  o f 
calculated to measured settlements, 
b- A l l  s ta t ic  cone methods have given a re la t iv e ly  s im ila r  and close 
ra t ios  o f calculated to measured settlements, 
c- Wide sca tte r was observed in a l l  methods in the two groups.
6.6  MAIN CONCLUSIONS DRAWN FROM THE STUDY OF THE CASE RECORDS
From what has been discussed and comparing Tables 6.3 and 6.5,
the fo llow ing conclusions may be drawn from the study o f the case
records.
1. In the SPT methods, D'Appolonia et al (1970), taking the average 
value between the normally consolidated case and overconsolidated 
case and Parry's (1971) methods have given the best pred ic tions.
2. In the s ta t ic  cone methods, a l l  methods have given re la t iv e ly  
good average with Schmertmann's (1970) method giv ing best average 
ra t io  o f observed to predicted settlement.
3. The modified Schmertmann et a l 's  (1978) method has not given 
improved settlement ca lcu la tions over the o r ig in a l Schmertmann 
(1970) method.
4. Schmertmann' s (1970) method has given a wider range o f sca tte r 
than the Buisman - De Beer (1957) method.
5. A wide scatter o f resu lts  in any s ing le method in both groups 
have been observed. Dutch cone methods o f settlement p red ic tion  
do not appear to be be tte r than the best SPT methods.
6. Neglecting water table correction in Alpan's method and Tomlinson' 
modified Terzaghi and Peck method resu lts  in improved settlement 
ca lcu la tions.
7. F in a l ly ,  i t  may be concluded tha t no d e f in i te  method has been 
found to be a best method and in conclusion, i t  is  recommended 
tha t the advice offered by Jorden (1977) be followed, and 
predictions o f settlements be attempted using more than one
o f the methods demonstrated in the chapter.
CHAPTER 7
OBJECTIVES OF THE PRESENT WORK
The present work is  about penetration resistance in a saturated
fine  sand, and the study o f some factors which a f fe c t  the dynamic
penetration resistance.
I t  is  known tha t before a s tructure  is  b u i l t  on a certa in  s i te ,  
the sub-soils are tested and studied in order to determine th e i r  
engineering cha rac te r is t ics  i .e .s t re n g th  and deformation behaviour.
This is  important because the geotechnical engineer wants to have a 
foundation which is  safe to carry the s tructure and also the settlement 
o f the s tructure  should be w ith in  to le rab le  l im i t s .  The d i f fe re n t ia l  
settlement between any two points in  the s tructure  should also be 
small enough not to cause damage to i t s  skeleton.
In the case o f clay s o i ls ,  th is  inves tiga tion  is  carr ied  out by
extracting  undisturbed samples from the f ie ld  by means o f special 
samplers and transporting the specimens to the laboratory fo r  appropriate 
tes t ing . This is  not the case in sands, because i t  is  d i f f i c u l t  to 
obtain undisturbed samples o f sand from the f ie ld .  Sands have no 
cohesion and as they are removed from the s i te  and brought to the 
laboratory, they w i l l  be disturbed, hence losing th e i r  strength and 
in -s i tu  ch a rac te r is t ics . The re s u lt  is  tha t laboratory tests  on sands 
often w i l l  not produce a true p ic tu re  o f th e i r  in - s i tu  engineering 
properties.
For reasons given above i t  is  usually be tte r to conduct f i e ld  
or in - s i tu  tes t ing  in granular s o i ls .  Many in -s i tu  tests have been 
developed, as described in Chapter 3 o f th is  thes is . Perhaps the most 
widely in -s i tu  te s t  in sands is  the Standard Penetration Test, which
is  described in Chapter 5.2. The resu lts  o f  penetration tests are 
assumed to re f le c t  the strength and s t i f fn e s s  o f  the sands, and many 
corre la t ions are proposed which re la te  the penetration resistance to 
various so i l  parameter such as re la t iv e  density and deformation.
Many methods based on penetration tests have been proposed fo r  
the pred ic tion  o f settlements o f structures on sand. In Chapter 5, 
some o f the more widely used methods were reviewed. In Chapter 6, 
a study was carried out on 26 case records, in order to examine how 
the methods worked and to determine th e i r  v a l id i t y .  The resu lts  o f 
the study showed tha t none o f  the methods was accurate and generally 
many o f the methods (especia lly  the e a r l ie r  methods) grossly over­
estimated settlements. For example the method proposed by Terzaghi 
and Peck (1948) was proved to be in e rro r by up to ten times.
Part o f  the objectives o f the present work has been to study why 
settlement ca lcu la tions using resu lts  o f  penetration tests are not 
accurate.
The factors which influence the deformation behaviour o f  sands 
are numerous and are discussed in de ta il in Chapter 2. There are 
also a very large number o f factors which a f fe c t  the resu lts  o f 
penetration tests (Fletcher 1965, Talbot 1981, and M i l i t i t s k y ,
Clayton, Talbot and Dikran 1982). These however are not covered in  
de ta il in th is  thesis because o f lack space. The combined re s u l t  o f
)
the factors which a f fe c t  the deformation o f sand and the fac tors  
which a f fe c t  the resu lts  o f penetration testsmake the task o f p red ic ting  
settlement o f structures on sand a very complex matter.
Despite the long use o f penetration tests to p red ic t settlements, 
there have not been many serious studies to determine ind iv idua l fac to rs
which control penetration resistance. The main ob jective o f  the 
present research has been to study under con tro lled  laboratory conditions, 
the factors which influence the dynamic penetration resistance in  sand.
Such factors  being numerous, hence emphasis has been concentrated 
on two fa c to rs , namely the influence o f  overconsolidation on dynamic 
penetration and pore water pressures generated during dynamic penetration 
tes t ing .
A major part o f  the research involved the design and construction 
o f  tes t ing  equipment to enable penetration tes t ing  to be carried out 
in the laboratory both in  a small apparatus and in  a large c a l ib ra t io n  
chamber. Detailed descrip tion o f  the tes t ing  apparatus and i t s  operation 
w i l l  be described together w ith de ta i ls  o f the penetrometer used.
The resu lts  o f the penetration tes t ing  programme w i l l  then be presented 
analysed and discussed.
CHAPTER 8
CALIBRATION CHAMBERS (A REVIEW)
8.1 INTRODUCTION
The disadvantages o f ca l ib ra t in g  in -s i tu  tes t ing  equipment in the 
f ie ld  occur because many factors which a f fe c t  the resu lts  o f  tes t ing  are 
s t i l l  d i f f i c u l t  or impossible to assess. These factors are: stress 
h is to ry , la te ra l stresses, re la t iv e  density ( in  sands), homogeneity, 
ageing, cementing and others. This problem can be overcome by c a l ib ra t ­
ing under reproducible, con tro lled  conditions in the laboratory using 
a c a l ib ra t io n  chamber. Needless to say, laboratory conditions are 
more comfortable than in the f ie ld .
There are two a lte rn a t ive  designs fo r  c a l ib ra t in g  chambers.
(a) Rigid wall chambers: where the specimen is  enclosed in  a r ig id  
boundary, usually made o f .s te e l or concrete. This imposes a 
boundary condition o f zero la te ra l s tra in  on the specimen.
Examples o f r ig id  wall chambers can be found in the work o f
Gibbs & Holtz, (1957), Schultze and Melzer (1965), and Rocha Filho
(1979).
(b) F lex ib le  wall chambers: where the specimen is  enclosed in  a f le x ib le  
membrane (usually made o f  rubber) and i t  is  usually supported 
ex te rna lly  by water pressure. Examples o f f le x ib le  wall chambers 
can be found in the work o f  Plantema (1957), Holden (1971),
Veismanis (1974), Chapman (1974), Al-Awkati (1975), and B e l lo t t i
e t al (1979 a, b).
A th i rd  type o f chamber, in which the specimen is  formed in  a 
stacked r ing container, is  described by Bieganousky and Marcuson 
(1976 b, 1977).This chamber however may be c la s s if ie d  as a f le x ib le  
wall chamber because the stacked ring  so il container was designed to
minimize the e f fe c t  o f wall f r i c t io n .  This chamber is  described in 
Section 8.3.
8.2 ADVANTAGES OF FLEXIBLE WALL CALIBRATION CHAMBERS
FIex ib le-wall chambers have certa in  advantages over r ig id -w a l l  
ones. Holden (1971) argues tha t a f le x ib le -w a l l  chamber has closer 
boundary conditions to the f ie ld  s itu a t io n  than a r ig id  wall one. For 
a given specimen s ize, the influence o f a r ig id  boundary on the penetra­
t ion  resistance is  much more c r i t i c a l  than tha t o f a f le x ib le  boundary 
subjected to a constant pressure where the wall f r i c t io n  causes 
undesirable reduction in so i l  stress with increasing chamber depth. 
Hadala (1968) found tha t the so il stresses due to dead weight in a 
r ig id  wall chamber could be reduced by as much as 50% a t a depth equal 
to the specimen diameter. A d d it io n a l ly ,  he found tha t so i l  stresses 
due to applied loads can be reduced by 30% at a depth equal to one 
diameter. For r ig id  boundaries to have a ne g lig ib le  e f fe c t ,  a very 
large te s t  chamber is  required to f u l f i l l  th is  requirement. To 
investigate  the e ffects  o f boundary conditions on the penetration 
resu lts  Gawad (1976) performed a large number o f dynamic penetration 
tests in the laboratory using steel tanks o f d i f fe re n t  diameters.
The sizes o f  tanks used were 70, 90, 150 and 200 cm diameters and 
the penetrometers used were the standard penetration te s t  spoon as 
well as dynamic cones o f 1.4, 2 and 3 inches which were driven in  a 
s im ila r  manner as the spoon. By p lo t t in g  re la tionsh ips  between 
N-values and various tank diameters fo r  the same dens it ies , he found 
tha t the la rgest tank (200 cm) was the most su itab le  as fa r  as boundary 
e ffec ts  were concerned. However due to d i f f i c u l t y  in c o n tro l l in g  the 
specimen density and making a large number o f specimens, th is  tank 
was not used. Gawad found tha t there existed a d e f in i te  re la t io n sh ip  
between the resu lts  using the 200 cm tank and the other three tanks
(70, 90, 150 cm). For example the SPT resu lts  showed tha t the 
average ra t io  between N-values in the 200 cm tank to those in the 
90 cm tank was 86%. Using a so l id  2 in .  cone with an apex angle 
o f 60° th is  ra t io  was 82%. Gawad used these correction factors  to 
scale out the N-values found in the 90 cm tank, and hence he carried 
out his study using th is  tank. I f  however a f le x ib le  chamber was 
used instead o f a r ig id  tank then the resu lts  would have been much 
be tte r , because o f the lesser boundary e ffec ts  in a f le x ib le  wall 
chamber.
Another example o f r ig id  wall boundary e ffec ts  is  given by 
Holden (1971). D e lf t  so i l  mechanics laboratory have constructed a 
r ig id  wall te s t  chamber which was constructed two hundred times the 
diameter o f  the penetrometer, namely seven meters in diameter. The 
cost and time involved in  carrying out a s ingle te s t  in  such a chamber 
would be p ro h ib it iv e .  In contrast a chamber housing a specimen with 
f le x ib le  boundaries can be made much smaller while s t i l l  keeping the 
penetration resistance w ith in  a small percentage o f the values tha t 
would be obtained in  the f ie ld .  The flexib le-boundary chamber has 
several advantages apart from a greater rate o f tes t ing  and less cost 
per te s t .  The major advantage is  tha t both ve r t ica l and la te ra l  stresses 
and deformations can be measured and con tro lled  in th is  chamber.
8.3  A BRIEF REVIEW OF FLEXIBLE WALL CALIBRATION CHAMBERS
A b r ie f  review o f f le x ib le  wall chambers is  given below. Rigid 
wall chambers have been omitted because o f  irre levancy to the present 
thesis.
The f i r s t  f le x ib le  c a l ib ra t io n  chamber known to the author is  
tha t reported by Plantema (1953a). Plantema used the chamber to ca l ib ra te  
so i l  pressure ce l ls  and penetrometers. The main features o f the chamber 
are shown in Fig. 8.1. In th is  chamber ca l ib ra t io n  could be carried 
out under d i f fe re n t  ve r t ica l and la te ra l pressures. The v e r t ic a l 
pressure was achieved by means o f a rubber cushion f i l l e d . w i t h  water 
and loaded by a steel p late via a rod and a hydraulic jack . The sand 
f i l l  (specimen) was enclosed in a rubber cy linder which was supported 
la te ra l ly  by water. Plantema pointed out the e ffec ts  o f  side f r i c t i o n  
on the te s t  re su lts .  In order to check tha t the side f r i c t i o n  was 
elim inated, he constructed another rubber water cushion a t the bottom 
o f the tank. Thus i f  the sand was free from side f r i c t io n  then the 
d ifference between the water pressure in the cushion a t the top and 
tha t a t the bottom should be equal to the weight o f sand used. This 
was achieved by Plantema. The water pressures in the top and bottom 
cushions were measured by means o f e le c t r ic  water pressure ce l ls  
(Plantema,1953a). The la te ra l deformation o f the rubber cy l inde r was 
checked by spring loaded ind ica to rs , the displacement o f the in d ica to r  
was read through a glass cy linde r.
The rubber cy linder was f i r s t  supported la te r a l ly  by 3 steel 
sh ie lds, which could subsequently be drawn back towards the sides o f 
the tank. To obtain a uniform density the sand was placed w ith  the aid 
o f a c y l in d r ic a l  sp r in k le r  (sieve) whose outer diameter was equal to 
the inner diameter o f the rubber cy linde r. This was s tea d ily  raised
by a tackle so tha t a constant height o f  f a l l  fo r  the sand was 
maintained. For dense specimens, the sand was compacted in layers.
The steel p late with the top cushion f i l l e d  with water was placed 
on the sand, and the rubber cy linder was clamped to i t .  The c y l in d r ic a l  
steel tank was then f i l l e d  to the top with water, and the supporting 
shields withdrawn. F in a l ly  the steel cover was f i t t e d  and the tank 
f i l l e d  up with water. The ve r t ica l pressures required in  the top and 
bottom cushions were maintained by means o f the hydraulic jack , and were 
measured with an e le c t r ic  water-pressure c e l l .  The la te ra l pressure 
was regulated by a pump.
In 1969, the County Roads Board, V ic to r ia ,  Austra lia  (CRB) 
designed and b u i l t  a ca l ib ra t io n  chamber fo r  the purpose o f ca l ib ra t in g  
the 50 mm diameter C.R.B. e le c tr ic a l  f r ic t io n -co n e  penetrometer under 
con tro lled  conditions in the laboratory. This chamber, described by 
Chapman (1974) houses a specimen 2.5 f t  (0.76 m) diameter by 3 f t  
(0.91 m) high.
In order to study the performance o f various 10 cm  ^ penetrometers, 
a la rger ca l ib ra t io n  chamber was b u i l t  in 1970 a t the U n ivers ity  o f 
F lorida with the help o f J.C. Holden who contributed to the construction 
o f the C.R.B. chamber, (Holden 1971, Schmertmann 1972). This chamber 
houses a specimen 4 f t  (1.22 m) diameter by 4 f t  (1.22 m) high.
The Monash Univers ity  chamber in  Austra lia  was the th i r d  to be 
b u i l t ,  also with the help o f J.C. Holden. I t  houses a specimen 1.82 m 
high and 1.22 m in diameter. Full de ta i ls  o f th is  chamber are given 
in Chapman (1974).
In I t a ly ,  research has been undertaken by the I ta l ia n  National 
E le c t r ic i t y  Board (ENEL) and the Politecn ico di Torino with the aim o f 
c a l ib ra t in g ,  under con tro lled  stress and s tra in  conditions, some 
in - s i tu  tes t ing  devices. For th is  purpose a large ca l ib ra t in g  chamber 
was constructed with the cooperation o f  Prof. Schmertmann o f the 
Univers ity  o f  Florida and Dr. Holden o f the C.R.B. A us tra l ia . I t  
houses a specimen 120 cm in diameter and 150 cm high. Details o f th is  
chamber can be found in  B e l lo t t i  et al (1979 a, b).
The basic design o f a l l  the four chambers mentioned so fa r  is 
very s im i la r ,  w ith some small d iffe rences. The la s t  three have been 
modelled on the f i r s t  chamber a t C.R.B.
The main parts o f any o f  the four chambers described above are 
as follows (F ig .8 .2 ); the base, cy l inde r, double wall b a rre l,  top platen 
and l i d .  The top platen and l i d  have a hole in the centre to allow 
the penetrometer t ip  and rods to penetrate the specimen. Stresses are 
applied to the specimen v e r t ic a l ly  via the piston in the base o f  the 
chamber. Raising the piston compresses the sand specimen against the 
l i d .  Lateral stresses are applied by increasing the pressure o f the 
water surrounding the specimen. This is  done.using regulated a i r  
pressure, acting through an a ir-w ater reservo ir .
Al-Awkati (1975) designed and b u i l t  a chamber a t Duke U n ivers ity  
which is  somewhat d i f fe re n t  in  design than the preceding four chambers. 
He used a i r  pressure instead o f water pressure to apply to ta l stresses 
to the specimen. The chamber houses a specimen 2.5 f t  in  diameter 
and 3.0 f t  high. I t  consists o f a 0.375 in .  th ick  steel drum or bin 
with c i rc u la r  1.0 in .  th ick  aluminium plates a t both ends(Fig. 8 .3 ).
The top aluminium plate has a central adjustable opening to a llow fo r  
the advancement o f penetrometers in to  the sand specimen. The v e r t ic a l  
and horizontal pressures are transmitted to the specimen by means o f
three sheets or membranes. Each sheet is  both glued and clamped to 
the body o f the drum, or plates a t i t s  ends. The applied pressures 
are con tro lled  by pressure regulators.
In the early 1970's, the US Army Engineers Waterways Experiments 
Station (WES), conducted a series o f laboratory tests in an e f fo r t  
to examine the re p ro d u c ib i l i ty  o f SPT resu lts  and the accuracy o f 
re la t iv e  density predictions based on SPT N-values. For th is  purpose 
a special tes t ing  f a c i l i t y  was used which consisted o f f iv e  major 
components (Fig. 8.4). The stack-ring so i l  container, the foundation, 
a loading system fo r  applying overburden pressure and the d r i l l i n g  
and sampling equipment. The stacked r ing so il container has a 
diameter o f  4 f t  and a height o f 6 f t .  I t  consists o f a lte rna t ing  
layers o f  steel rings with 1 in square cross section and nominally 
3/16 in  th ick  rubber spacer r ings. The steel r ing is  grooved to 
receive a mating key molded on the rubber spacer r in g . The stacked- 
r ing  so il container was developed to minimize the e f fe c t  o f wall 
f r i c t io n  which is  more severe in  r ig id  or so l id  wall containers, where 
the wall f r i c t io n  causes an undesirable reduction in so il stresses 
with increasing container depth. However th is  type o f design seems 
to be more r ig id  than the other f le x ib le  wall chambers where the specimen 
is  enclosed in a rubber membrane, moreover, the la te ra l stresses 
cannot be contro lled  in the stacked-ring container.
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8 .4  SIZE OF CALIBRATION CHAMBERS
The most important problem concerning the size o f a ca l ib ra t io n  
chamber is  the optimum size o f specimen which can be housed w ithout 
seriously a ffe c t in g  the penetration re su lts .  Holden (1971) conducted 
c a l ib ra t io n  tests in  the f le x ib le  boundary chamber a t the C.R.B. o f  
V ic to r ia  (A ustra lia ) which housed a specimen o f V  6" diameter by 
3 ‘ high. Using tests fo r  inves tiga ting  the e f fe c t  o f boundary 
conditions (as described in Section 8 .5 ), Holden showed th a t the 
chamber was too small to ca l ib ra te  penetrometers o f  2" in diameter 
w ith reasonable accuracy. However i t  was adequate to ca l ib ra te  Dutch 
cone penetrometers which have a diameter o f  35.7 mm. This means
tha t a specimen to penetrometer diameter ra t io  o f  21 can be taken as
a minimum in deciding a specimen size to ca l ib ra te  penetrometers. I t  
is  in te res ting  to note tha t Al-Awkati (1975) arr ived a t a s im ila r  
ra t io  using a d i f fe re n t  approach. By analysis o f cav ity  expansions 
in dense Chattahoochi sand he found tha t the d iffe rence between the 
measured and correct bearing capacities was estimated to be o f  the 
order o f 5% or less. The chamber Al-Awkati used in his tests housed 
a specimen 2.5 f t  in diameter and 3.0 f t  high and he used penetrometers
1.5" in  diameter hence making a ra t io  o f specimen to penetrometer
diameter o f 20.
8.5 TEST BOUNDARY CONDITIONS IN FLEXIBLE WALL CHAMBERS
Id e a l ly ,  the boundary provided by a te s t  chamber should have a 
ne g lig ib le  influence on the measured resistance o f the penetration.
The magnitude o f th is  e f fe c t  w i l l  depend on i )  the size o f the specimen 
re la t iv e  to the penetrometer diameter and i i )  the stress and s tra in  
condition a t the boundary. Two extremes o f boundary conditions can be 
provided by a f le x ib le  wall c a l ib ra t io n  chamber (1) a constant la te ra l  •
and ve r t ica l pressure is  maintained on the specimen, hence i t  is  
able to deform la te ra l ly  and v e r t ic a l ly  (2) a f te r  loading the specimen, 
the la te ra l and ve r t ica l pressure valves are closed fo r  the te s t ,  
thus the ve r t ica l and la te ra l deformations are kept to zero. The 
second condition although being severe is  probably not qu ite  as severe 
as the conditions imposed by a r ig id -w a l l  chamber o f the same s ize, 
which would also sustain arching across to the w a lls . A th i r d ,  less 
severe condition , is  obtained by closing only the la te ra l pressure 
valve or only the ve r t ica l pressure valve.
The actual boundary conditions in  the f ie ld  would l i e  somewhere 
between the two extremes. However the f i r s t  condition o f  constant 
applied boundary stresses (or zero stress change: A^v = A<?h = o) 
seems to be closer to the f ie ld  conditions than the more severe 
second condition o f zero average boundary deformation (Sv = <$h = o). 
This is  accepted by other authors (Holden 1971, Veismanis 1974).
8.6 SAND PLACEMENT TECHNIQUES (PLUVIAL DEPOSITION)
In constructing sand specimens fo r  tes t ing  purposes, i t  is  
essential tha t homogeneous specimens are produced. This has been 
a d i f f i c u l t  task fo r  many workers in  the f i e ld ,  because i t  needs 
careful techniques. Kolbuszewski and Jones (1961) designed a technique 
to produce homogeneous specimens o f sand. This is  known as the p luv ia l 
deposition o f sand. I t  consists o f ra in ing dry sand from a given 
height and in te n s ity  in a i r ,  and by a lte r in g  the height o f f a l l  and 
in te n s i ty ,  the porosity  o f  the resu lt ing  deposit can be varied w ith in  
a wide range. In an e a r l ie r  paper Kolbuszewski (1948) showed tha t 
the porosity  o f  a sand deposit was governed by the in te n s ity  and
ve lo c ity  o f deposition o f grains. The porosity  increases'with increas­
ing in te n s ity  and decreasing ve lo c ity  o f deposition. The apparatus 
Kolbuszewski designed and constructed consisted o f an open rectangular 
box 29" long by 17" wide and 7" deep. The height o f  f a l l  was adjusted 
by a lte r in g  the elevation o f the box, and the in te n s ity  o f  f a l l  was 
con tro lled  by means o f a variab le aperture hopper. Specimens 18" 
by 11" and up to 16J" deep could be produced by the apparatus.
Later, however, work has been carried out to produce much la rger 
specimens using the p luv ia l deposition method. Jacobsen (1975, 1976) 
and Battag lio  et al (1979) used a large sand mass spreader fo r  th is  
purpose. I t  mainly consists o f  a sand s i lo  big enough to f i l l  the 
specimen former in a continuous operation and implies the sand ra in  
to be so uniform tha t there is  no need to level the sand surface 
during the lay ing . In Jacobsen's spreader the bottom pla te o f  the 
sand s i lo  is  a th in  steel p late perforated by 7 mm d r i l le d  holes in 
a quadratic 8 cm pattern. The sand je ts  through these holes and f a l l s  
on a sand d if fu s e r  which consists o f  two steel sieves w ith a mesh width 
o f 2 mm. The sieves are separated by 5 cm. The density o f the specimen 
can be varied by changing the height o f f a l l  from the d i f fu s e r  and 
also by a l te r in g  the mesh width o f the sieves and hole diameter o f 
the bottom p la te .
Bieganousky and Marcuson (1976 a, b) and Marcuson and Bieganousky 
(1977 a, b) conducted d i f fe re n t  ra in ing  procedures to construct the 
specimens in the stacked r ing containers. The l i f t  thicknesses ranged 
between 4" and 6" depending on the ra in ing  technique employed. The 
dry density determinations for,some te s t specimens were measured as 
overa ll bulk densities based oh a knowledge o f the to ta l weight o f 
the sand placed and the i n i t i a l  to ta l volume o f the so i l  specimen. 
Density control in other tests specimens was achieved using a box
density device which is  described in Bieganousky and Marcuson (1976). 
During the course o f  te s t in g ,  three types o f ra iners were u t i l iz e d :
(a) a ro ta t ing  ra ine r (b) a single-hose ra in e r,  and (c) a c i rc u la r  
perforated p late ra ine r. The ro ta t ing  ra ine r was the f i r s t  developed, 
and enabled a change in l i f t  density by varying the height o f  drop or 
in te n s ity  o f ra in ing . The ra ine r consisted o f a reservo ir w ith 28 
f le x ib le  hoses. The sand flowed from the hoses normal to a d i f fu s e r  
p la te , which intercepted the flow o f  sand and caused the sand to be 
evenly d is tr ib u te d  on the specimen surface. The designed surface 
p ro f i le  was generated by adjusting the tube or ien ta tions in  re la t io n  
to the d i f fu s e r  p la te . The ro ta t ing  ra ine r was manually rotated a t 
approximately three revolutions per minute. To achieve higher dens it ies , 
each l i f t  was tamped with a 1 f t  square p la te welded to a 4 f t  long 
steel handle. Tamping was accomplished by s t r ik in g  the sand surface 
along an imaginary g r id  pattern. The ro ta t ing  ra ine r however was 
considered unsatis factory because i t  could not produce repeatable 
homogeneous l i f t s .
The second ra iner (s ing le hose ra ine r)  consisted o f  a reservo ir  
tha t fed a sing le hose. Density was varied by changing the height o f 
f a l l  to the sand surface. The technique produced homogeneous deposits, 
varia tions being on the order o f 0.5 pcf (8.0 kg/m ).
The th i rd  ra ine r was a webbed re in forced c irc u la r  rese rvo ir .
The bottom plate o f the ra iner was perforated by 3/16 in (5.0 mm) 
diameter holes d r i l le d  on a 1| in  by 2 in  (38 mm by 51 mm) g r id  
pattern. Varia tion in  l i f t  density was achieved by varying the height 
o f  f a l l .  A l i f t  o f  sand was placed by f i r s t  resting  the ra in e r on the 
previous l i f t ,  f i l l i n g  the reservo ir w ith a sand bucket, and then 
ho is ting  the ra ine r to the predetermined height o f drop by an over­
head crane. Stainless steel guide rods were used to l im i t  horizonta l
movement and rocking o f the ra ine r during the ho is t and ra in ing , as 
i t  was observed tha t any ra ine r movement resulted in density va r ia t ion s . 
Once the desired drop height was reached, the sand was allowed to f a l l  
f re e ly  to the specimen surface. L i f t  densities were found to be 
repeatable and uniform w ith in  acceptable l im i t s .
8.7 SUBMERGENCE
A ll  the work described so fa r  on sand placement (Section 8.6) 
w ith the exception o f the work a t WES, was carried out on dry. sand, 
which was rained in a i r .  However i t  is  most common in the f ie ld  to 
encounter saturated sands below the ground water tab le . Hence the 
need to achieve saturated specimens is  important. To apply the p luv ia l 
deposition technique in  water, the sand grains trave l much more slowly 
than in a i r ,  hence i t  is  impossible to get desired variab le  densities 
by varying the height o f f a l l  o f sand because a f te r  a short distance 
o f f a l l  in water, the ve lo c ity  o f a sand grain becomes steady.
Most o f the work done a t the Waterways Experiments s ta t io n  was 
on submerged specimens. Submergence was achieved by upward seepage 
o f  water from a water hose buried in  a f i l t e r  beneath the specimen.
The degree o f saturation o f a specimen prepared in  th is  way was found 
to l i e  in the range o f  83 to 93 per cent. Per cent saturation was 
determined from samples taken w ith a m iniature Hvorslev f ixed -p is to n  
sampler. Since the p o s s ib i l i t y  o f  drainage from the sampler was 
great, i t  was thought tha t th is  range o f per cent saturation represented 
the lower bound. Another drawback in  th is  technique o f  submergence 
comes in  the re la t iv e  density determination. Bieganousky and Marcuson 
(1976b) apparently assumed tha t the re la t iv e  density o f  the specimen 
does not change a f te r  submergence. Hence the density determinations 
were determined in  the dry s ta te . However w ith the in troduc tion  o f
water the density is  bound to change due to decrease in e f fe c t iv e  
stresses in the so i l  specimen.
Bieganousky and Marcuson (1976 b) used another technique to 
saturate the specimen. This was to ra in  the sand in  water using the 
ro ta t ing  ra ine r. I t  appeared to o f fe r  a more e f fe c t ive  way o f  prepar­
ing specimens having a greater degree o f sa tu ra tion . A m iniature 
so lid  wall so i l  container was designed to study the effectiveness 
o f the two techniques o f submergence. The resu lts  obtained demonstrated 
tha t the degree o f  saturation a tta inab le  through upward seepage was 
in the range o f  83 to 97 per cent, and the per cent saturation obtained 
by ra in ing in to  water was approximately 97 per cent. However the 
major drawbacks to th is  technique as reported by Bieganousky and 
Marcuson were:
(a) the density o f the specimen could not be monitored on a l i f t  
by l i f t  basis.
(b) i t  was not possible to observe the p ro f i le  o f  the l i f t  surface.
(c) dens if ica t ion  o f the specimen was d i f f i c u l t  to con tro l.
For these reasons they decided to abandon the technique o f ra in ing  
in to  water.
CHAPTER 9
ASSESSMENT OF PRECONSOLIDATION CHARACTERISTICS OF SAND DEPOSITS
9.1 INTRODUCTION
The term preconsolidation or overconsolidation ra t io  is  defined in so il  
mechanics as the ra t io  o f the maximum e ffe c t ive  ve r t ica l stress applied 
to the so i l  in  i t s  past h is to ry  to the v e r t ica l e f fe c t ive  stress applied 
on the so il  a t  present. The study o f preconsolidation in  sands has 
been re la t iv e ly  recent in  comparison to the studies o f the subject 
with respect to c lay. The main reasons fo r  th is  have been the 
d i f f i c u l t i e s  o f  obtaining undisturbed samples o f  sand and secondly, 
the re la t iv e ly  recent developments in in - s i tu  te s t in g .
The selection o f  allowable bearing pressures fo r  foundations is  
based on the two requirements (1) tha t the foundation s t a b i l i t y  must 
be s u f f ic ie n t  and (2) tha t the to ta l and d i f fe re n t ia l  settlements w i l l  
be to le rab le . The allowable bearing pressure fo r  foundations on 
sand is  generally governed by the settlement c r i te r io n .  There is  hence 
the need fo r  re l ia b le  and accurate methods fo r  the ca lcu la t ion  o f 
settlements fo r  footings on sand. The ca lcu la t ion  o f settlements fo r  
overconsolidated sands loaded beyond the preconsolidation pressures 
requires a knowledge o f the preconsolidation pressure, and the 
appropriate modulii o f  deformation above and below the preconsolidation 
pressure.
In th is  chapter the e ffec ts  o f preconsolidation on the dynamic 
penetration te s t  are reviewed. The e ffec ts  o f in - s i tu  la te ra l  stress 
are included because preconsolidation and la te ra l stresses are associated. 
F in a l ly  the question whether preconsolidation cha rac te r is t ics  o f  sand
can be detected from dynamic penetration tes t ing  is  reviewed. I t  
is  to be noted here tha t the term dynamic penetration te s t  is  used 
in th is  te x t  because the te s t  was ac tu a lly  employed in the present 
research. However as w i l l  be discussed in Chapter 11, the penetrometer 
used in th is  study has been modelled on the S.P.T., using the theory 
o f s im il i tu d e  as applied to model analysis. Hence the subjects 
reviewed here and which mention S.P.T. or qu as i-s ta t ic  penetration 
tests w i l l  s im i la r ly  apply to the dynamic penetration te s t  used in 
th is  study.
9.2 EFFECTS OF LATERAL EFFECTIVE STRESSES ON DYNAMIC PENETRATION TESTING
De Mello (1971) in his state o f the a r t  paper noted many 
unresolved problems towards achieving a be tte r understanding o f the 
SPT data. He discussed the state o f knowledge o f the importance o f  
the sampler side wall f r i c t io n  con tr ibu tion  to the blow count, or N- 
value. Much confusion existed a t tha t time on th is  subject w ith  a 
consequent d iv e rs i ty  o f opinions. Though he pointed out a general 
agreement tha t la te ra l stresses a f fe c t  N-values, he noted a lack o f 
qu an tita t ive  data.
Many engineers have observed tha t the blow counts fo r  each 
successive 6 inches o f  penetration, from 0-18 in ,  usually successively 
increase in  so i ls  (Schmertmann 1971, 1979). They usually f in d  a 
notably low count fo r  the f i r s t  6 inches, and commonly a t t r ib u te  th is  
to "seating" in the loosened so il  a t the bottom o f the borehole.
For th is  reason in the usual practice only blows from 6 to 18 inches 
are counted fo r  in  design. However Schmertmann (1971, 1979) thinks 
the low blow count value often observed fo r  the 0-6 inches sampler 
penetration perhaps does not re f le c t  a "seating" in  loosened so i l  but 
instead re f le c ts  the e f fe c t  o f the la te ra l stresses which are low in
the 0-6 inch penetration. Schmertmann produced Fig. 9.1 to show an 
example o f the successive increase in blow* count in a s i l t y  marl in 
southern F lo r ida . At th is  s i te ,  borings were made using a 5 foo t 
long, 2 inch I .D . ,  SPT-type sampler in f iv e  one-foot increments.
Also borings were made using the SPT sampler w ith blows recorded in 
6 inch increments from 0 to 18 inches, and soundings using the 
Begemann s ta t ic ,  mechanical f r ic t io n -co n e  penetrometer. He noted the 
s ta ir -s te p  progression o f blow counts with each additional increment 
o f penetration, very c le a r ly  shown fo r  the 5 foo t sampler, but equally 
noticeable with the standard sampler. The comparative un ifo rm ity  o f 
the cone bearing p ro f i le  shows tha t the consistent s ta irs tep  pattern 
probably resu lts  from the way in which the sampler mobilizes penetra­
t ion  resistance ra ther than a strength pattern w ith in  the s o i l .
Al-Awkati (1969) made a thought provoking observation when he compared 
SPT and CPT data in mostly sandy clays a t a research-consulting s i te  
in Gainesville  (F lo r ida ).  He noted tha t N-values appeared to corre­
la te  be tte r w ith f r i c t io n  ( f s ) along the sleeve than with qc .
Al-Awkati (1975) demonstrated experimentally in the te s t  chamber a t 
Duke Univers ity  tha t the so il  bearing pressure measured a t the end o f  
an SPT sampler, advanced a t the CPT ra te , had about the same magnitude 
as qc . A l l  the above suggests tha t side wall f r i c t io n  may have great 
importance in  generating SPT blow counts. To study th is  aspect 
Schmertmann (1971, 1979) looked more c lose ly  in to  the s ta t ic s  o f  SPT, 
using the CPT which provided him with a useful feel fo r  the e ffec ts  
o f side f r i c t i o n ,  la te ra l stresses and end bearing on the SPT blow count. 
He came to in te res ting  conclusions which are given below. Schmertmann 
showed (Fig. 9.2) tha t when an SPT sampler advances a t constant v e lo c ity  
in to  the so il a t the bottom o f a borehole, the to ta l resistance to 
th is  advance equals the sum o f end bearing and side wall f r i c t i o n
re s is ta n c e :
F Fend + Finside + outside Fe + Fs ........  9,1
Note tha t the projected end area o f the SPT sampler equals
2 910.7 cm , nearly the same as the 10.0 cnr o f the CPT penetrometer.
Now assuming tha t the end bearing resistance on the sampler equals 
tha t measured by the CPT penetrometer a t the same depth in the same 
s o i l , qc :
Fe " Ae ^c   9.2
and assuming fu r th e r tha t the inside and outside sampler wall f r i c t io n  
both equal the local f r i c t io n  measured along the f r i c t io n  sleeve o f 
a CPT penetrometer, f $ :
Fs = tt (D. + Dq) L f s   9.3
and making use o f the f r i c t io n  ra t io  concept:
fsFR = _  = function o f so il type   9.4
%
permits expressing sidewall f r i c t io n  in terms o f  end bearing
Fs = tt (D,. + Dq) L (FR) qc . . . . .  9.5
putting 9.2 and 9.5 in to  9.1 gives
F = Ae + tt (D. + D0) L (FR)Jqc   9.6
converting equation 9.6 to the dimensions o f the SPT sampler and
2
expressing FR in per cent, q in  kg/cni, the average resistance F over 
the penetration in te rva l A L in kg., the average penetration depth 
o f L during A L in inches, and assuming the blow count dynamic resistance 
proportional to the s ta t ic  work input over A L, gives:
A —  ALF = AL 110.7 + 0.684 (FR) 1  j  q   9.7
Schmertmann referred to equation 9.7 as the " f r ic t io n -c o n e  SPT formula 
Schmertmann used equation 9.7 to compute the re la t iv e  s ta t ic  and also 
the proportional dynamic, sampler resistance fo r  the 0-6 inch, 6-12 inch,
and 12-18 inch sampling increments fo r  d i f fe re n t  so i ls  w ith d i f fe re n t  
f r i c t io n  ra t io s .  These resu lts  were normalized by obtaining the ra t io  
o f the average 0-6 inch and 6-12 inch resistance to a reference average 
resistance over 12-18 inches. As shown by equation 9.7, these ra t ios  
depend on the f r i c t io n  ra t io  o f the so i l  penetrated. Table 9.1 
presents the theore tica l ra t ios  obtained by use o f  equation 9.7.
Table 9.1 shows an exce llent comparison between the theore tica l and 
the measured ra t io s  a t  a l l  three levels o f f r i c t io n  ra t io .  Using 
equation 9.7, Schmertmann also predicted the 6 inch in te rva l blow 
count va r ia t ion  fo r  the ind iv idua l SPT tests diagrammed in Fig. 9.1.
S t i l l  considering the 12-18 inch blow count value as the reference, 
the open c irc le s  show the re s u lt  o f predictions fo r  the 0-6 and 
6-12 in in te rva l blow counts. Again he noted good observed pred ic tion  
agreement.
From the evidence presented i t  appears tha t equation 9.7 y ie lds  
a helpfu l ind ica tion  o f the re la t iv e  contribu tions o f  end bearing and 
side wall f r i c t io n  to the N-value fo r  d i f fe re n t  values o f f r i c t i o n  ra t io ,  
and therefore fo r  d i f fe re n t  so il types. Schmertmann calculated these 
percentage contribu tions which are presented in Table 9.2. This 
table demonstrates the great importance o f side wall f r i c t i o n ,  tha t 
th is  importance increases dramatically w ith increased f r i c t io n  r a t io ,  
and tha t end bearing dominates in low f r i c t io n  so i ls  but tha t side 
f r i c t io n  resistance dominates in  high f r i c t io n  ra t io  s o i ls .  This 
helps explain the p o s s ib i l i ty  o f a be tte r co rre la t io n  between standard 
penetration te s t N-values and cone penetration local f r i c t i o n  f e ra ther 
than against qc as mentioned by Al-Awkati (1969). I t  appears hence 
from theory and f ie ld  comparisons tha t N-values, remain, a t leas t 
approximately, proportional to F, and also to qc as assumed in  equation 
9.7. Lateral stress e ffects  on qc values would then have s im i la r  e ffec ts  
on N-values. At the Univers ity  o f F lorida a research study has been
undertaken since the early  19701s to investiga te  the e ffec ts  o f 
varying la te ra l stresses on cone bearing using the ca l ib ra t in g  
chamber discussed in Chapter 8. In th is  chamber, specimens were 
subjected to one-dimensional compression, normally and overconsolidated 
stress paths with ca re fu l ly  con tro lled  and measured la te ra l and 
v e r t ica l stresses. Fig. 9.3 presents the resu lts  o f the chamber tes ts .  
The f igu re  shows d i f fe re n t  overconsolidation ra t ios  used, and two 
levels o f re la t iv e  densities and also the use o f both e le c t r ic a l  and 
mechanical fr ic t io n -co n e  penetrometer t ip s .  These data c le a r ly  show 
a dramatic increase in  cone bearing w ith increased la te ra l s tress, 
while holding ve r t ica l stress and density constant. Roughly, doubling 
the la te ra l stress increases cone bearing by 60%. These data would 
also lead to the pred ic tion tha t the SPT N-values would l i k e ly  
increase with increasing la te ra l stress a t a given te s t  depth. However, 
a po in t to note is  tha t during many SPT boring techniques the in -  
s i tu  e f fe c t iv e  stresses can be disturbed, due to stress r e l i e f  e f fe c t  
o f the borehole and th is  may reduce the e f fe c t  o f la te ra l stresses 
on the N-values compared the qc values. Other research using con tro lled  
large chamber tes t ing  with the CPT also ind ica te  the dominant ro le  o f 
the horizontal e f fe c t iv e  stresses in determining qc> For example 
Veismanis (1974) showed fo r  normally consolidated specimens o f sand 
having the same i n i t i a l  density, the cone resistance is  a l in e a r  
function o f horizontal stress up to a cone resistance tha t produces 
extensive crushing o f the sand grains. This is  shown in Fig. 9.4. 
Veismanis also showed fo r  overconsolidated sands a t a given i n i t i a l  
density, the cone resistance is  v i r t u a l l y  con tro lled  by the horizonta l 
s tress fF ig . 9 .5j; s im ila r  resu lts  are produced by Chapman and Donald 
(1981) in the ca l ib ra t io n  chamber a t Monash Univers ity  in  A u s tra l ia .
In I ta ly ,  Bel l o t i  e t al (1979 a,b) and Baldi et al (1981 a,b) 
presented resu lts  o f s im ila r  tests carried out in a con tro lled  large 
chamber. Typical resu lts  from these tests is  presented in Fig. 9.6, 
which shows the e f fe c t  o f  the horizontal e f fe c t iv e  stress on cone 
resistance, fo r  normally consolidated and overconsolidated sands o f 
the same i n i t i a l  re la t iv e  density. I t  is  noted, however, tha t the 
re la t ionsh ip  is  not l in e a r  as shown by Veismanis in Figs. 9.4, 9.5.
This disagreement may be due to the fa c t  tha t in the case o f the tests 
carried out in  I t a ly ,  crushing o f sand grains have occurred a t very 
low values o f  qc . On the other hand, Baldi e t al (1981 a,b) believe 
tha t th e i r  resu lts  may be ju s t i f i e d  even i f  the sand grains are non 
crushable, because they agree well with the theory o f the expanding 
cav ity  fo r  modelling the cone resistance.
Schmertmann (1972) also in i t ia te d  f ie ld  research a t the Univers ity  
o f Florida with the spe c if ic  aim o f evaluating the e ffec ts  o f in - s i tu  
la te ra l stress on f r i c t io n  cone penetrometer resu lts  in sands. A fte r  
establish ing the un ifo rm ity  o f so i l  conditions a t a near surface deposit 
w ith in  the grounds o f the Univers ity  o f F lo r ida , Schmertmann divided 
th is  area in to  a large number o f squares, 5 foo t on a side. Then one 
a t a time, he excavated trenches, 5 to 6 fee t deep, around the borders 
o f a square and inserted in f l a t i b le  a i r  mattresses in to  these trenches, 
two mattresses fo r  each side. With a common manifold t o .a l l  8 a i r  bags, 
he then ca re fu l ly  con tro lled  the la te ra l stress on the sides o f  such 
a f ie ld  te s t  "Cube". He then performed s ta t ic  cone bearing, pressure 
meter, and buried r ig id  p late bearing tests w ith in  these cubes, using 
various levels o f air-bag la te ra l stress to evaluate the la te ra l  stress 
e f fe c t .  In i t s  o r ig ina l condition the sand a t the s i te  was a t a 
re la t iv e  density o f about 21%. He performed a series o f tests a t th is  
density. He then subjected the s i te  to compaction using a v ib ra to ry  
r o l le r  and thereby increased i t s  re la t iv e  density to an average o f
TABLE 9.1
THEORETICAL AND FIELD RATIOS OF AN0 - 6 in
(FROM SCHMERTMANN 1971)
FRICTION 
RATIO = FR
(ANg,,/ANi 2_]gi| )
0 to 6" 6 to 12" 12 to 18"
1.0%
Eq.
( 7 ) 0.61 0.80 1.00
0.63
33 tes ts ,
0.81 
loose-med sand s, + and - GWT
Eq.
( 7 ) 0.43 0.72 1.00
2.5%
0.46
25 tes ts ,
0.72 
s i l t y  m arl, w. 45%, LI 1
Eq.
( 7 ) 0.37 0.68 1.00
4.0% 0.44
33 tes ts ,
0.66 
v. s t i f f  c lay, s t  4, LI 0
8.0%
Eq.
( 7 ) 0.29 0.64 1.00
TABLE 9 .2
PERCENTAGE CONTRIBUTIONS OF END BEARING AND SIDE FRICTION
TO N . IN DIFFERENT SOILS (FROM SCHMERTMANN 1971)6 - 18 in
FR TYPICAL SOIL TYPES PART N6 - 18" ° UE T°
end bearing side f r i c t io n
i% sand, above and 
below ground water
56% 44%
'2 1/2% s i l t y  m arl, s i l t ,  
clayey sand
34% 66%
4% sandy c lay , clay 
with St = 4
25% 75%
8% insens it ive  c lay, 
peaty so ils
14% 86%
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about 85%. He then performed a s im ila r  series o f cube tests a t the 
higher density. Thus these f ie ld  cube tests permitted some evalua­
t ion  o f the separate e ffec ts  o f  both density and la te ra l s tress.
Fig. 9.7 shows a cross-section o f such a cube. Results o f these f ie ld  
tests are shown in a normalized or dimension!ess p lo t  in Fig. 9.8 
which is  taken from Schmertmann (1978). Also shown in th is  f igu re  are 
the resu lts  from the various other laboratory chamber tes ts . This 
f igu re  shows the consistent importance o f evaluating la te ra l stress 
e ffec ts  when in te rp re t in g  cone bearing data. Schmertmann believes 
tha t many instances o f high qc values in sand have not meant high 
density, but high in -s i tu  la te ra l stresses due perhaps to s ig n i f ic a n t  
overconsolidation. On the other hand, unusually low values may be 
due not to low density but perhaps to low la te ra l stresses, say by 
adjacent excavation. In summary the e ffec ts  o f varying la te ra l 
stresses seem to be so important tha t Schmertmann (1974) suggested 
tha t the N-values in the SPT should be corrected to account fo r  the 
la te ra l stress change.
9 . 3 EFFECTS OF OVERCONSOLIDATION ON DYNAMIC PENETRATION TESTING
Up to now, there has been no deta iled research carried out on the 
e f fe c t  o f overconsolidation on dynamic penetration te s t  resu lts  in 
sand (Parry 1980, Janbu 1980). However th is  e f fe c t  has been noticed 
by many workers. I t  has been generally observed tha t overconsolidation 
increases the resistance to penetration whether dynamic or s ta t ic .
This is  because in an overconsolidated sand, the e f fe c t iv e  la te ra l  
stresses are higher than those in a normally consolidated sand, and 
i t  was shown in Section 9.2 tha t the la te ra l stresses had an important 
ro le  in determining the penetration resistance.
De Mello (1971) pointed out tha t a change in the SPT occurs due 
to excavation o f overburden. However he explained tha t upon removal 
o f overburden pressure, the reduction in penetration resistance is  
not as large as would be expected considering tha t the re la t iv e  density 
w i l l  remain esse n tia l ly  the same. R e la t ive ly  higher SPT values are 
a tt r ib u te d  to higher horizontal stresses a f te r  removal o f  the surcharge.
De Mello also pointed out tha t the SPT is  affected not so much by the
ve r t ica l e f fe c t ive  pressure as by the mean state o f  stress in the ground.
Dahlberg (1975) carried out investigations a t a s i te  in  Sweden, 
in which the thickness o f the investigated sand deposit was 8.0 m.
This thickness had been reduced by excavation from about 24 m, hence 
16 m o f overburden was excavated. Due to excavation, the investigated 
sand was overconsolidated. Dahlberg performed a large number o f 
penetration tests using d i f fe re n t  dynamic and s ta t ic  cone penetrometers.
He also performed other in -s i tu  tests such as the pressuremeter te s t ,  
s ta t ic  p la te load tests and screw-plate tes ts .
The aim o f the research was to study the e ffec ts  o f overconsolida­
t io n .  At th is  s i te  Dahlberg found tha t the actual la te ra l pressures 
were a t least 3 times the la te ra l pressure o f  a corresponding normally 
consolidated sand, and perhaps 5 - 1 0  times tha t pressure a t  leve ls  
close to ground surface. He estimated however tha t the maximum increase 
o f the s ta t ic  cone resistance was 2.5 to 3 times tha t o f a corresponding
normally consolidated sand. I t  seems tha t Dahlberg- could not give
any evidence o f his method o f estimating th is  increase in  resistance 
because he did not perform penetration tests on the same s i te  before 
excavation, or on a s im ila r  s i te  With normally consolidated sand deposits. 
Dahlberg also believes tha t the increase in cone resistance due to over­
consolidation does not match the increase in deformation modulus and tha t 
qc must be higher than those ac tua lly  measured. He pointed out th a t the
precompression e ffec ts  are p a r t ly  destroyed during penetration te s t ­
ing and especia lly  during a dynamic penetration te s t .  This is  because 
the residual stresses due to preloading are re lieved during d r i l l ­
ing in case o f the SPT or q u as i-s ta t ic  penetration in case o f the 
CPT.
Veismanis (1974) presented resu lts  o f c a l ib ra t io n  tests using the 
C.R.B. c a l ib ra t io n  chamber in  Austra lia  and the Univers ity  o f F lorida 
ca l ib ra t io n  chamber. He showed tha t fo r  a given ve r t ic a l e f fe c t iv e  
s tress, the cone resistance in a given sand having the same i n i t i a l  
density w i l l  be higher in  an overconsolidated deposit tha t in  a normally 
consolidated deposit, as shown in Fig. 9.9.
Bieganousky and Marcuson (1976 b) Marcuson and Bieganousky (1977 b) 
and Marcuson, Cooper and Bieganousky (1977) described experiments carr ied 
out a t the Waterways Experiment S tation. I t  was observed in  these 
experiments tha t overconsolidation generally yie lded higher values o f 
penetration resistance. Tests on specimens having an OCR o f 3, produced 
N-values which cons is tantly  f e l l  near the top o f  the sca tte r band.
This is  shown in Fig. 9.10. A s ta t is t ic a l  analysis was also carried  
out on the data and a re la t ionsh ip  was found between OCR, v e r t ic a l  
stress, re la t iv e  density and N-values fo r  a given sand type. A typ ica l 
equation they found fo r  a one o f the sands they tested (Reid Bedford 
Model sand) is
= 8.6 + 0.83
1
+ 10.4 - 3.2 (OCR) - 0.24 (ay)
0.004 5
. . . .  9
Equation 9.8 has a standard deviation o f + 7.5% re la t iv e  density . I t  
also indicates the importance o f OCR in determining in - s i tu  re la t iv e  
density from resu lts  o f  SPT. I t  is  to be pointed out tha t current
corre la t ions only re la te  ve r t ica l stress and re la t iv e  density to 
N-values, and are used generally fo r  a l l  types o f sands. This explains 
the high discrepancy in determining in -s i tu  re la t iv e  density from 
ava ilab le co rre la t ions .
In a second series o f experiments, Bieganousky and Marcuson 
(1977) and Marcuson and Bieganousky (1977 b) carried out more tests 
on d i f fe re n t  sands. They also made a s l ig h t  m odification to equation
9.8 by adding a c o e f f ic ie n t  o f un ifo rm ity  term Cu to account fo r  the 
differences in the types o f sands tested, the re su lt ing  expression 
was in the fo llow ing form. ' . ■ .
Dr = 12.2 + 0.75 |222 (N) + 2311 - 711 (OCR) - 53 (av ) -  50 (CJJ ^  .
Equation 9.9 has a standard devistion o f 8.1% re la t iv e  density.
The s ign if icance o f the s ta t is t ic a l  analysis is  tha t i t  confirms 
the premise tha t re la t iv e  density is  in te rre la te d  to N-values, over­
burden pressure, overconsolidation ra t io ,  and some term to account fo r  
a change in sand type. I t  is  to be noted in equations 9.8 and 9.9 tha t 
the two important variables which cannot be determined d i re c t ly  from 
the resu lts  o f penetration tests are the OCR and the D^. In order 
to have an accurate measurement o f D ,^ OCR must be measured by some 
other in -s i tu  tes t ing  means.
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9.4 ASSESSMENT OF PRECONSOLIDATION CHARACTERISTICS OF SANDS FROM
DYNAMIC PENETRATION TESTING
Very l i t t l e  work has been carried out so fa r  concerning whether 
preconsolidation cha rac te r is t ics  o f sand can be detected from resu lts  
o f penetration tes t ing  (Schmertmann, 1980, Seed, 1980). Many workers 
have pointed out tha t i t  is  d i f f i c u l t  or impossible to detect pre­
consolidation pressure from penetration re su lts .
Dahlberg (1975) attempted to f in d  out whether preconsolidation 
pressure could be estimated from resu lts  o f the cone resistance qc »
He carried out screw-plate tests on the s i te  he investigated and he 
could determine the deformation modulus fo r  the preloaded and v i rg in  
range. He also was able to determine the precompression pressure 
from the resu lts  o f screw-plate tes ts . By p lo t t in g  the deformation 
modulus against qc he found tha t the ra t io  E/qc was not constant but 
varied between 2 and 4. He also pointed out tha t the qc values were 
not as high as expected fo r  the overconsolidated case and tha t they 
did not match the increase in deformation modulus. The reasons behind 
th is  were tha t overconsolidation e ffec ts  were p a r t ly  lo s t  during 
penetration due to disturbance and stress release. Hence the penetra­
t ion  resistance was lower than that expected. In the concluding 
remarks he pointed out tha t i t  was not possible to estimate the pre­
consolidation pressure or to pred ic t the settlement fo r  a preloaded 
sand from penetration te s t  resu lts  alone.
Lambrechts and Leonards (1978) attempted to evaluate changes in 
deformation modulus due to overconsolidation by means o f model penetro­
meters. A t r ia x ia l  apparatus was modified to f a c i l i t a t e  penetration 
o f the specimen through the base. The cone had a 60 apex angle and
a base diameter o f  0.5 in .  A rate o f penetration o f 0.008 in/min 
was used. The specimens tested had a diameter o f 2.8 in and a length 
o f 6.2 in .  The l in e a r  re la t ionsh ip  between cone penetration resistance 
q^, and confin ing pressure is  Shown in Fig. 9.11. This f ig u re  is  a 
f in e  example showing tha t penetration te s t  do not ind icate or p red ic t 
overconsolidation unless la te ra l stresses are known. As may be seen,
Kq overconsolidation increases the cone penetration resistance marginal 
although such overconsolidation might increase the deformation modulus 
o f the specimen by more than an order o f magnitude. This f ind ing  is  
very s im ila r  to the f ind ings o f Veismanis (1974) (see Fig. 9.5) 
showing how the la te ra l stresses may contribu te  sub s tan t ia l ly  to the 
cone penetration resistance.
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CHAPTER 10
PORE WATER PRESSURES GENERATED DURING DYNAMIC PENETRATION 
10.1 INTRODUCTION
The main ob jective o f a s i te  inves tiga tion  programme is  to 
determine the thickness, extent, and above a lT  the engineering 
properties o f  the subsurface layers which are pertinen t to foundation 
design. Accurate information on so il  s t r a t i f i c a t io n  and v a r ia b i l i t y  
in properties is  necessary fo r  the geotechnical engineer to in te r ­
polate re l ia b ly  between data obtained from widely-spaced boreholes, 
plan the f in a l  tes t ing  programme, se lect adequate spatia l d is t r ib u ­
t ion  o f so i l  parameters and hopefully reduce the r is k  o f  inadequate 
foundation performances. The study o f  pore pressures generated 
during penetration has very recently  widened the knowledge o f in t e r ­
preta tion o f the penetration re su lts .
In 1948 Terzaghi and Peck proposed a correction fo r  SPT resu lts  
in very f in e  or f in e  s i l t y  sands below the ground water tab le . They 
proposed tha t when N-values were greater than 15, then they should be 
reduced. The assumption was tha t dense sands would d i la te  during 
d r iv in g , w ith the re s u lt  o f  generation o f negative pore water pressures, 
which would increase the e f fe c t ive  stresses and hence an increase in 
measured N-values. This would also lead to an overestimates o f  re la t iv e  
density. Thus loose sands might be expected to generate p o s it ive  excess 
pore pressures, and reduce dr iv ing  resistance.
The importance o f the phenomena o f generation o f excess pore 
water pressure around the t ip  o f a penetrometer was pointed out a t 
The F i r s t  European Symposium an Penetration Testing in Stockholm, 
(Senneset 1974, Janbu and Senneset 1974, Schmertmann 1974, Hansbo
1974, Bemben and Myers 1974) and indeed in the Group Discussions on 
fu ture  developments i t  was pointed out tha t i t  is  especia lly  important 
to study the pore water pressure developed around the t i p  o f  a penetro­
meter and the rate e f fe c t  during q u as i-s ta t ic  penetration. Most o f 
the a tte n t io n , however, was given to q u a s i-s ta t ic  penetration and 
no mention was given to the pore water pressures developed around the 
t i p  o f  a penetrometer during dynamic penetration. The measurement o f 
excess pore pressures during penetration and especia lly  during dynamic 
penetration is  d i f f i c u l t ,  requiring a system w ith a very rapid response 
time. Thus the in troduction  o f the pore pressure transducer to the 
tes t ing  o f s o i l ,  in  the la te  1950's, ( fo r  example Whitman, Richardson 
and Healy 1961) marked the e a r l ie s t  time fo r  th is  work to be under­
taken. Subsequently the development o f the piezometer probe by 
Torstensson (1975) and Wissa et al (1975) has received a great deal o f  
a tten tion  very recently , (Ladd et al 1977, V iva tra t 1978, Lacasse 
et a l . ,  1978, Jamiolkowski e t a l . ,  1979, Baligh and V iv a t ra t . ,  1979, 
Baligh et al 1977, 1980, Rocha Filho 1979, Roy e t al 1980 and 
Battag lio  et al 1981). Many papers were also published in  the Second 
European Symposium on Penetration Testing held in Amsterdam in May 1982. 
These w i l l  be mentioned in due course.
For the spec if ic  case o f pore water pressures generated during 
dynamic penetration o f a cone, the information from l i te ra tu r e  is  ra ther 
scarce. Where ava ilab le , i t  deals w ith the excess pore pressures b u i l t  
up during p i le  d r iv ing  (Moller and Bergdahl, 1981). Pore pressures 
generated during dynamic penetration in sand have been measured in 
the. present research (see also Clayton and Dikran, 1982). A fu r th e r  
paper was published in the Second European Symposium on Penetration 
Testing by Yagi, Enoki and Yatabe (1982).
10.2 THEORETICAL CONSIDERATIONS (PREDICTIONS OF PORE WATER PRESSURE
GENERATED DURING PENETRATION)
The theore tica l pred ic tion o f the excess pore pressure generated 
by a steady penetration o f a c y l in d r ic a l  hole in the surrounding mass 
o f so i l  is  receiving more a tten tion  a t present. However a l l  work up 
to date deals w ith saturated cohesive s o i ls ,  presumably because clays 
are impermeable and sands are free dra in ing. This problem is  becoming 
important because o f i t s  relevance to many problems, fo r  example 
in s ta l la t io n  o f driven displacement p iles  and the in te rp re ta t io n  o f 
d i f fe re n t  in -s i tu  penetration tes ts . However th is  pred ic tion  is  not 
ye t s t ra ig h t  forward due to (1) the complex boundary conditions around 
the penetrating t ip  and (2) the dependance o f the measured AU on the 
geometry o f the t i p ,  and on the position o f the. porous f i l t e r  on the 
tip .(Torstensson, 1975; V iva tra t 1978).
Nearly a l l  the ava ilab le  theories use the idea tha t the fa i lu re  
phenomena under the t ip  may be simulated by the expansion o f a spherical 
cav ity  in an id e a l ly  e la s to -p la s t ic  medium (Vesic, 1963; 1973;
Al-Awkati, 1975, Baligh, 1975). The stress and s tra in  induced along 
the sha ft o f the penetrating cy l inde r,  however, are probably more 
consistent w ith the assumption o f a c y l in d r ic a l  cav ity  expansion.
Torstensson (1977) and Battag lio  e t al (1981) have presented 
theore tica l models fo r  the ca lcu la tion  o f pore pressure generation 
in the so il  surrounding the penetrometer and rates o f pore pressure 
d iss ipa tion  in the contact zone. Three o f these theore tica l approaches 
fo r  the generated pore water pressures are given below:
a) E las tic  pe rfec t ly  p la s t ic  s o i l :  ( H i l l ,  1950; Gibson and 
Anderson 1961; Vesic 1972). The problem is  characterized by the develop­
ment o f  a p la s t ic  zone in the so i l  surrounding the ca v ity .  The
deformations in the p la s t ic  zone are con tro lled  by the surrounding 
medium which is  in an e la s t ic  s ta te . The development o f a p la s t ic  
zone in the so i l  close to the penetrometer t ip  is  schematically 
shown in Fig. 10.1. The equation o f equ ilib r ium  fo r  an element 
such as shown in Fig. 10.2 can be w r it te n  as
a) 8<?r + 2 gr  - a9 = o (spherical cav ity )  _____  10.1
d r r
b) 9g<r + gr  - ere = o (c y l in d r ic a l  cav ity )  . . .1 0 .2
d r r
in which r  = the distance to the center o f the cav ity .
In undrained shear, the condition o f  ru p tu re ' in  the p la s t ic  zone is  
gr  - g0 = 2SU   10.3
in  which Su = undrained shear strength o f the s o i l .  Assuming tha t
the clay can be regarded as an ideal e la s t ic -p la s t ic  m a te r ia l,  and
neglecting volume changes in the p la s t ic  zone, the extension o f  the
p la s t ic  zone can be deduced.
r  ■____________
= 3 /  E/2 (1 - v) Su (spherical cav ity )  ____ 10.4
V
r  ____________
P = /E/2 (1 - v) Su (c y l in d r ic a l  cav ity )  ........  10.5
r o
in which
rp = radius o f the p la s t ic  zone
r Q -  radius o f the penetrometer
E = modulus o f  deformation of the so il 
v = Poisson's ra t io  o f  so i l  ( = 0 .5 )
From equations (1 ), (2 ), (3 ), (4 ), and (5) the u lt imate cav ity  pressure
Apu can be calculated.
(spherical cav ity )  ........  10.6APU 1 + in
.2SU (1 + v ) _
p la s t ic  /  e la s t ic  
zone /  zone
FIG. 10.1. DEVELOPMENT OF A PLASTIC ZONE IN THE SOIL 
SURROUNDING THE PENETROMETER.
(FROM TORSTENSSON 1977)
8979
* 0 3 *
a  r „ f
0/V
APU =
_ _
1 + En
- 2SU (1 + v ) .
( c y l in d r ic a l  c a v ity )  . . .  10.7
In a normally consolidated clay the generated excess pore pressure 
Au in the plastic*zone can with s u f f ic ie n t  accuracy be assumed to be 
equal to the change in the average stress Aam,
Au = Aam = 1  (A<V + Aa0 + A ^ )  -    10.8
3
The maximum excess pore pressure in the in te rface  between the penetro­
meter and the clay can be computed from.
AU = i  S (spherical cav ity )  ___ 10.9
U [z s u (1 + v )  ]
„  Zn --------    (c y l in d r ic a l  cav ity )   10.10
n L 2SU (1 + V)  JAm -  S
b) E las to -p las t ic  so i l  w ith volumetric hardening: (Schofield 
and Wroth 1968; Roscoe and Burland 1968). The maximum excess pore 
pressure a t the cav ity  - so il in te rface  in normally consolidated 
or l i g h t ly  overconsolidated clays (OCR < 2) may be evaluated r e fe r r ­
ing to the stress path shown in Fig. 10.3 where.
Au = ( P i ' - ' .P f1) + AP   10.11
where
Pn- 1 = i n i t i a l  in -s i tu  mean e ffe c t ive  stress.
P^ = mean e ffe c t ive  stress where the stress path in the so i l  element
has reached the c r i t i c a l  s tate condition.
AP = increase in mean to ta l stress a t the c a v i ty -s o i l  in te rface .
The value o f P.p may be obtained i f  one knows the slope o f  the c r i t i c a l  s ta te
l in e  in the q - p 1 plane i .e .
M =_ £  _ 6 sin 4>1 10.12
p ‘ 3 - sin (j)' 
and the value o f  q^ = /3 Su>;
(J)' = angle o f shearing resistance from t r ia x ia l  compression te s ts ;
•  A = IN SITU INITIAL MEAN EFFECTIVE STRESS
•  B = MEAN EFFECTIVE STRESS AT CRITICAL STATE 
AB = EFFECTIVE STRESS PATH
ACD = TOTAL STRESS PATH
q (CYLINDRICAL CAVITY EXPANSION)
Cu
P.iPf
FIG. 10.3. PORE PRESSURE EXCESS PREDICTED BY MODIFIED 
"CAM-CLAY" MODEL (RANDOLPH e t a l , 1978)
P'  =1 ( C l ' + a 2 ' + a 3 1)
3
q =
2 ' 2 2
(a-, -  a3 ) + (02  -  a 3 ) + (a , _ c y
10.13
10.14
c) Semi-empirical re la t io n sh ip s : (Vesic, 1972; Massarch 1978).
Here one assumes tha t the AuQ may be evaluated by means o f Skempton's 
pore pressure parameters equation, generalized by Henkel (1960):
Au0 = 1  (AaT + A°2  + Aa3) + a (Aai - Aa 3 ) Z + ( A ° z -  A^3) 2 + (Aa] - Aa2)^
  10.15
where:
a = pore pressure parameter re la ted to Skempton's (1954) parameter A 
(a t fa i lu re )  by means o f.
a = 1  (3 A - 1)
/2 f
By introducing in to  eq. (10.15), Aal , Aa2 and Aa3 computed (a t the 
cav ity  so il  in te rface ) by means o f the expanding cav ity  formulae,
, 1
21 2
Au, = S 
0 u
Auq Su
L| £ n I R + 0.667 (3Af  - 1) 
£n I R + 0.577 (3Af  - 1)
( fo r  spherical ca v ity )  .. .10 .16  
( fo r  c y l in d r ic a l  ca v ity )  . . .  10.17
where
I R = r i g i d i t y  index = EU/3SU
There is  some d i f f i c u l t y  in using the above theore tica l equations.
For example, the selection o f re levant E • and Su values is  a complex 
problem. Battag lio  et al (1981) suggested the use o f the s e l f  boring 
pressuremeter te s t  and advanced laboratory tes t ing  such as the undrained 
plane s tra in  compression te s t  and the undrained d ire c t  simple shear 
te s t ,  in  order to determine Eu and Su .
The v a l id i t y  o f  the theore tica l equations was checked by 
Torstensson (1977) and Battag lio  e t al (1981). Comparisons were
made between computed and measured pore water pressures a t s ites  in 
Sweden, and I t a ly ,  and i t  was reported tha t the measured values o f  
Au agreed well w ith the predicted values from the theory o f cav ity  
expansions.
Torstensson (1977) and Battag lio  e t al (1981) also presented 
theore tica l analysis fo r  the estimation o f the c o e f f ic ie n t  o f consolida­
t io n  o f d i f fe re n t  so i l  layers from the ra te  o f excess pore pressure 
d iss ipa tion .
10.3 MEASUREMENT OF PORE WATER PRESSURES GENERATED DURING QUASI-STATIC
PENETRATION
The importance o f measuring the pore water pressures generated 
during penetration and the consequent d iss ipa tion  when the penetro­
meter is  stopped in the in te rp re ta t io n  o f penetration te s t  resu lts  
were pointed out e a r l ie r  in  th is  chapter. The measurement o f  excess 
pore pressures during penetration is  d i f f i c u l t ,  requ ir ing a system 
with a very rapid response time. Among f i r s t  attempts to measure 
pore pressures during penetration are those by Boiten and Plantema 
(1948). The ce ll  used consisted e sse n tia l ly  o f a" diaphragm whose 
movements were recorded by e le c tr ic a l  s tra in  gauges. Later Plantema 
(1953b) redesigned the apparatus to be more sturdy to withstand rough 
handling. The new design was more or less the same and consisted o f 
a diaphragm which deflected under pressure operating s tra in  gauges 
which in turn were connected to a s tra in  in d ica to r .
The main work on the measurement o f pore pressures during penetra­
t ion  however started in the mid 1970's. Senneset (1974) and Janbu and 
Senneset (1974) measured pore water pressures during penetration o f  an 
e le c tr ic a l  piezometer o f the NGI-type. The porous f i l t e r  was placed a t 
1 cm above the cone po in t. Behind the f i l t e r  was a w a te r - f i l le d
chamber. The pore pressure was measured by a v ib ra t ing -w ire  device, 
placed in contact w ith the chamber. Typical resu lts  o f generated pore 
pressures are shown in Fig. 10.4. In the s i l t y  f in e  sand laye r, the 
measured pore pressure fluctuated around the hydrosta tic  pressure.
In the denser sand layers, negative pore pressures were generated.
This may be due to d ila tancy o f the sand above the cone. The two
rates o f penetration, 1 and 2 cm/s - y ie lded p ra c t ic a l ly  the same 
re su lts .  Janbu and Senneset (1974) pointed out the importance o f 
in te rp re ta t io n  o f penetration tes ting  from e ffe c t ive  penetration 
resistance and th is  required a knowledge o f  the excess pore pressure 
in  the so i l  surrounding the cone t i p .  A theore tica l procedure was 
derived fo r  obtaining the two strength parameters o f a s o i l .
Torstensson (1975) developed a pore pressure sounding probe 
w ith the aim o f obtaining continuous information on the composition 
o f so il layers with respect to var ia tions in permeability . The 
piezometer consisted o f a conical t ip  f i l t e r  w ith a c y l in d r ic a l  f i l t e r  
w ith a diameter o f 15 mm and a height o f 5 mm. The pore pressure 
was measured by the aid o f  an e le c tr ic a l  transducer. During a sound­
ing te s t  the pore pressure sounding t ip  penetrated the so il  a t a
constant rate o f  1 m/min. The pressure transducer was connected to
a recording instrument. Torstensson explained the usefulness o f  the 
pore pressure probe fo r  obtaining information about the geological 
p ro f i le  o f  so i ls  by presenting examples o f tests carried out a t 
d i f fe re n t  s i te s .  He pointed out tha t in normally consolidated c lays, 
high excess pore pressures are generated. In a more permeable s o i l ,  
the increase in pressure due to the penetration o f the probe is  mainly 
transferred to the so i l  as an increase in  e f fe c t iv e  s tress. Thus the 
presence o f a permeable so i l  layer embedded in  clay appears on the 
pore pressure versus depth diagram as a sudden drop in pressure.
On the other hand, a th in  clay layer embedded in  sand is  shown as a
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FIG. 10.4. PORE PRESSURE SOUNDING DIAGRAM 
(FROM JANBU AND SENNESENT 1974)
sudden pressure peak. In dense sand and s i l t  or in an overconsolidated 
c lay, negative pore pressures are generated when the pore pressure 
sounding t ip  penetrates these s o i ls .  Furthermore, i t  is  also possible 
to obtain an estimate o f the va r ia t ion  o f the c o e f f ic ie n t  o f consolida­
t ion  by studying, a t  d i f fe re n t  depths in a so il p r o f i le ,  the time 
needed fo r  d iss ipa tion  o f excess pore pressures. Another app lica tion  
o f the method o f pore pressure sounding, explains Torstensson, is  the 
study o f l ique fac tio n  potentia l o f a saturated sand mass. Depending 
on the re la t iv e  density o f a sand, e ith e r negative (d i la t in g  so il 
s truc ture) or pos it ive  (co llaps ib le  so i l  s truc tu re ) pore pressures are 
generated as the probe penetrates the s o i l .  A typ ica l sounding diagram 
is  shown in  Fig. 10.5. I t  consists o f a top layer o f  a l te rn a t in g  clay 
and s i l t ,  underlain by a 5m th ick  layer o f homogeneous, very s o f t  c lay. 
The clay is  underlain by a lte rna ting  layers o f clay and dense s i l t .  As 
can be seen from the pore pressure sounding diagram, high negative pore 
pressures are generated in the dense s i l t  layers. The maximum negative 
pressure amounts to - 10 m o f water. The sounding diagram also 
demonstrates the extremely rapid response o f the pore pressure probe 
as i t  penetrates th in  layers o f dense s i l t  and clay.
Wissa, Martin and Gar!anger (1975) developed independantly an 
e le c tr ic a l  piezometer which su rp r is ing ly  is  very s im ila r  to tha t 
developed by Torstensson (1975). VJissa e t al (1975) explained th a t 
during penetration o f the probe, the so i l  surrounding the probe f a i l s  
in undrained shear in the case o f c lays. As a re s u l t ,  dense or s t i f f  
so i ls  generate negative excess pore pressures when penetrated by the 
cone, where as loose or s o f t  so i ls  develop pos it ive  excess pore 
pressures. This is  i l lu s t ra te d  in Fig. 10.6, which shows excess pore 
pressures generated by the probe and the t im e-rate a t which they d iss ipa te  
The s t i f f  clayey s i l t  so il (curve 3) developed a negative excess pore 
pressure o f 2.11 meters o f water, whereas the s o f t  clayey s i l t  so i l
pore pressure, m of water
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(curve11) showed 1.78 meters o f pos it ive  excess pore pressure.
S im ilar resu lts  fo r  a s l ig h t ly  s i l t y  sand are also shown in Fig. 10.6.
The dense s i l t y  sand (curve 4) generated a negative excess pore pressure 
o f 1.53 meters o f water, whereas 1.62 meters o f pos it ive  excess pore 
pressure was measured in the loose s i l t y  sand (curve 2). The ra te o f 
excess pore water pressure d iss ipa tion  with time, a f te r  pushing o f the 
probe is  stopped, is  a function o f the permeability and com press ib il ity  
o f the so il surrounding the t ip  o f the probe hence providing a t least 
in a q u a l i ta t iv e  manner an id e n t i f ic a t io n  o f the type o f so i l  being 
penetrated. In sands which have re la t iv e ly  high co e ff ic ie n ts  o f 
permeability , equalization o f pore pressure occurs in a few minutes, 
whereas fo r  clays the time required may be several hours or days.
For s i l t y  so i ls  the time required is  between these two extremes. This 
holds true fo r  d iss ipa tion  o f both pos it ive  and negative excess pore 
pressures. For example in the s i l t y  sand (curve 2 and 4 o f  Fig. 10.6), 
i t  took about 4 minutes fo r  the pore pressure to reach equ il ib r ium , 
whereas about 200 minutes were required fo r  the clayey s i l t  (curve 1 and 
3).
Baligh, Ladd and V iva tra t (1977) and Baligh, V iva tra t and 
Ladd (1980) presented a study to investigate the in -s i tu  evaluation 
o f c lay properties by means o f cone penetrometers and pore pressure 
probes. They conducted extensive tests in three clay deposits represent­
ing a wide spectrum of cohesive s o i ls .  The pore pressure probe used 
was the one developed by Wissa e t al (1975). The o r ig in a l design is  
conical in shape with an apex angle o f 18° and measured pore pressure 
a t the cone t ip .  However Baligh e t al (1977, 1980) designed and 
constructed additional pore pressure probes fo r  th e i r  research programme 
having the same design concepts in order to measure the pore pressure 
a t the t i p ,  along the cone face and a t d i f fe re n t  locations on the 
pushing rods (behind the cone) fo r  apex angles o f 60° and 18? Each
probe consisted essen tia l ly  o f  a porous stone made o f  c intered steel 
connected hyd rau lica l ly  to an electro-mechanical pressure transducer.
The pushing and the signal - recording apparatus were s im ila r  to those 
used fo r  cone resistance measurements with the exception tha t the 
voltage output o f the pressure transducer was continuously recorded.
The influence o f the porous f i l t e r  pos it ion  on the measured pore 
pressures w i l l  be discussed in Section 10.4.
Fig. 10.7 shows the measured pore pressure, u, during the steady 
penetration o f an 18° cone in Boston Blue c lay. Also shown are cone 
resistance values. C learly qc exceeds u thoughout the p r o f i le .  Above 
a depth o f 60 f t  (OCR > 2), both (u) t i p  and (u) fa r  behind are small 
compared to qc « Below a 60 f t  depth (OCR = 1.2 to 2), u ( t ip )  is
about 70% o f q , whereas u ( fa r  behind) is  about 55% o f q .
0 c
Cone penetration in clays causes severe undrained s tra in in g  o f 
the so il  well beyond the peak strength. For s o f t  clays with a low 
overconsolidation ra t io s ,  undrained shearing resu lts  in  decreased 
e f fe c t ive  stresses. This implies tha t pore pressures near the cone 
must increase not only to re s is t  the compressive stresses caused by 
penetration, but also because o f  the large shear s tra in s .  On the 
other hand, more overconsolidated clays w i l l  develop smaller pore 
pressures due to shear, but because o f  the increase o f compressive 
stresses, the pore pressure during cone penetration need not be 
negative. In order to check th is  hypothesis, which may provide a 
method fo r  detecting the overconsolidation ra t io  o f c lays, the ra t io  
o f pore pressure, u, to cone resistance, qc , is  examined. High values
o f u/q should be associated with low overconsolidation ra t io  and
c 0 
visa versa. Fig. 10.8 shows u/qc p ro f i le s  obtained from 60 and 18
cone. As expected, u/qc fo r  a 60° cone is  higher than the 18° cone,
because o f higher pore pressures developed w ith the former t i p ,
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(see Section 10.5). Furthermore, u/qc p ro f i le s  obtained from both 
cones are s im ila r :  u/qc increase with depth in layers A and B and 
then remains more or less constant below a depth o f 60 f t .  Measurements 
in two additional clay deposits confirm tha t.u /q  can be correlated 
to overconsolidation r a t io ,  but much more data in d i f fe re n t  clays are 
required before u/qc can re l ia b ly  be used in  practice to estimate 
overconsolidation ra t io .  Measurements o f u/qc in excess o f un ity  
obtained by the 60° cone could be due to s ig n i f ic a n t  to ta l stress 
gradient along the cone face o r, more l ik e ly  equipment inaccuracies 
(Baligh and V iva tra t 1979).
Battag lio  et al (1981) presented another experience gained with 
the piezometer probe tests performed in three I ta l ia n  cohesive s o i ls .
The Torstensson type probe was used in the study (Torstensson 1975).
When the process o f penetration was stopped, the excess pore pressure 
decay w ith time was observed. This provided re levant information 
concerning the consolidation properties o f the deposit. However most 
o f the study was devoted to the comparison o f the computed AU using 
the theore tica l approaches (previously mentioned in Section 10.2), 
with the penetration pore pressure measured a t the three s i te s .  Like 
Baligh et al (1977, 1980), Battag lio  e t al (1981) stressed the 
importance o f the ra t io  u/qc as an index o f the so i l  type and re la t iv e  
consistency and perhaps an ind ica tion  o f the s tre ss -h is to ry  o f  the 
deposit. They also recommended to develop the probe to measure 
simultaneously o f the cone resistance and pore pressure.
In fa c t  there are some disadvantages o f measuring (qc ) and (u) 
separately. I t  is  time consuming and not economical to measure 
separately (qc ) and (u ). This would require separate soundings 
which should be very near to each other. This might lead to the
p ro b a b i l i ty  o f encountering a lte ra t io ns  in the so i ls  penetrated lead­
ing to variance in the re su lts .  The inc lus ion o f pore pressure 
measure measurements during a conventional s ta t ic  cone penetration 
te s t  would thus considerably increase the amount o f information 
obtained from so il sounding. This has been accomplished by Rocha 
Filho (1979), Roy (1981) and Torstensson (1981), and also by a 
number o f workers who published th e i r  research in ESOPT I I .
Roch Filho (1979) carried out an experimental study in the 
laboratory to examine the influence o f  excess pore pressure on cone 
penetration te s t  measurements and i t s  im plications re la t in g  to the 
co rre la t ion  between cone resistance and so il  parameters such as 
<f>. The inves tiga tion  included performing cone penetration tests  in 
saturated sand specimens which had been prepared in a large r ig id  
th ick  walled steel cy linder tes t ing  chamber. The penetration tests 
were carried out using a standard Fugro e le c t r ic  cone w ith a piezometer 
f i l t e r  added a t the conical po in t. Typical resu lts  o f u/qc are 
shown in Fig. 10.9. A comparison between u/qc in Fig. 10.9, and 
those fo r  clay so i ls  in Fig. 10.8, show tha t u/qc are much lower in 
sands than these in clays. This example fu r th e r  demonstrates the 
importance o f th is  index to ind ica te  so il  type.
Roy (1981) b u i l t  a s im ila r  probe to tha t o f Rocha F i lh o 's .
Roy carried out tests in sensitive  clays in order to inves tiga te  th e i r  
properties and to f in d  a re la t ionsh ip  between u/qc and the OCR. The 
probe consisted o f the Fugro penetrometer f i t t e d  with a porous f i l t e r  
and a transducer. The po in t has a c lass ica l shape o f a cone w ith 
an apex o f 60° and a base area o f 1000 mm? The pore pressure was 
measured by a pore pressure transducer in s ta l le d  between the cone t i p  
and the load c e l l .  The resu lts  obtained on a te s t  s i te  w ith w e l l -  
known subsoil properties showed a ra t io  o f u/'qc o f about 0.5 fo r  the
clay tested.
Torstensson (1981) developed a combined pore pressure and 
po in t resistance cone with the same geometry o f  the probes used by 
Rocha Filho (1979) and Roy (1981). The pore pressure is  measured 
with a f lush  diaphragm pressure transducer. Results reported by 
Torstensson (1981) are s im ila r  to those published in Torstensson 
(1975, 1977).
In the second ESOPT held in Amsterdam in May 1982 many papers 
were published (about 14) invo lv ing the simultaneous measurement 
o f (qc) ,  (u) and ( f  ) . This shows how valuable are the 
resu lts  o f these tes ts . In fa c t  the addition o f pore pressure measure­
ments during s ta t ic  cone penetration tes t ing  has added a new dimension 
to the in te rp re ta t io n  o f geotechnical parameters, and enhanced the 
cone penetrometer as a premier tool fo r  determining the s t r a t i f i c a t io n  
o f so il deposits (Campanella, G il lesp ie  & Robertson 1982 and Senneset, 
Janbu and Svan<J>, 1982). Jones and Rust (1982) demonstrated the 
various uses o f pore pressure penetration te s t in g ,  including the 
measurement o f shear strength and consolidation parameters, in - s i tu  
pore pressure conditions and so il  c la s s i f ic a t io n .  They also introduced 
a so il  c la s s i f ic a t io n  chart based on excess or generated pore pressures 
and the cone resistance. However th is  chart is  based on l im ite d  s i te s ,  
and hence i t  could be expanded to include a wide range o f  s ites  from 
d i f fe re n t  areas.
The usefulness o f the (piezo-cone) and i t s  applications was 
fu r th e r  demonstrated by De Ruiter 1982, Abelev 1982, Lacasse and 
Lunne 1982, Muromachi, Tsuchiya, Sakai and Sakai 1982, Rippa and 
Vinale 1982, Rocha F ilho 1982, Smits 1982, Sugaware, Noriaki and
u/qc m
CPT
FIG. 10.9. PORE PRESSURE RATIO FOR SAND. O.C. SAMPLES. 
(FROM ROCHA FILHO 1982).
Chikaraishi 1982, Torstensson 1982 and Zuidberg, Schaap and Beringen 
1982.
10.4 MEASUREMENT OF PORE WATER PRESSURES GENERATED DURING DYNAMIC
PENETRATION
In general the pore pressures generated during dynamic penetra­
t ion  are s im ila r  to those generated during slow or q u a s i-s ta t ic  penetra­
t io n .  However the measurement o f pore pressures generated during 
dynamic penetration has been a very d i f f i c u l t  task u n t i l  the very 
recent development o f e lec tron ic  transducers which can withstand 
dynamic shock without damage. Hence information from l i te ra tu r e  
concerning measurement o f  pore pressures generated during dynamic 
penetration o f a cone is  ra ther scarce, and the only references on 
the matter known to the author is  by Moller and Bergdahl (1981) and 
Yagi, Enoki and Yatabe (1982). Moller and Bergdahl's work deals w ith 
model p i le s .  The inves tiga tion  was carried out in a "p i le  box" in  
which a 20 mm diameter model p i le  was driven in to  a f in e  sand. The 
dynamic pore pressures were measured by a p ie zo -e le c tr ic  transducer.
This transducer was mounted in a special adapter, which was also 
provided w ith a f i l t e r  stone so tha t only the pore water pressure 
could influence the transducer. This adapter could be f i t t e d  in  the 
t ip  o f  the model p i le  or in other places close to the p i le  in  the 
s o i l .  The investigated so il  was a f in e  sand. Two densities were 
investigated; = 70% (dense s ta te) and = 80-90% (very dense 
s ta te ) .  The dynamic pore pressure changes in the so i l  during one 
blow are shown in  Fig. 10.10. I t  was observed tha t negative pore 
pressure was generated along the p i le  in both the very dense and 
dense states. Both the magnitude and the duration o f pore pressure a f te r  
each blow decreased with increased distance from the p i le  t i p .
A low pos it ive  pore pressure i n i t i a l l y  was measured in  the very dense
state .
At the p i le  t ip  the pos it ive  pore pressure in the dense state 
was o f greater magnitude and shorter duration than in the very dense 
s ta te . The negative pore pressure was o f the same magnitude and dura­
t ion  in  both dense and very dense states o f  the sand.
In both the dense sand and the very dense sand, the negative 
pore pressure is  assumed to be generated by the d i la t io n  o f the s o i l .
In the case o f  very dense sand, the movement o f the grains in the 
so il  f in ishes simultaneously w ith the completion o f the shearing 
action. In the case o f the dense sand, the grains assume a denser 
state simultaneously w ith the completion o f the shearing action .
This generates a pos it ive  pore pressure.
Yagi, Enoki and Yatabe (1982) measured pore pressures generated 
in  both s ta t ic  and dynamic penetration which were carried out through 
sand with D-jq = 0.12 mm. The apparatus used was a small chamber 
constructed o f  a steel cy linde r, 23 cm in  diameter and 50 cm in  height.
In order to measure pore pressures, four pipes were in s ta l le d  in to  the 
chamber and set in to  the sand specimen a t d i f fe re n t  heights around the 
penetrometer. However Yagi e t al did not explain the system by which 
they measured the pore pressures. Typical resu lts  are shown in  Fig. 10.11. 
I t  is  shown tha t the pore pressure immediately a f te r  the.impact tends to 
pos it ive  below the t i p  in both loose and dense specimens. However 
these are negative immediately behind the cone. The pore pressure is  
la rge ly  pos it ive  in the loose specimen while i t  a lternates in  the dense 
specimen. However Yagi e t al did not show re la t iv e  density measurements 
fo r  the specimen they tested so tha t a be tte r understanding o f the 
generated pore pressures could be made.
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10.5 INFLUENCE OF TIP SHAPE AND POROUS FILTER POSITION ON THE MEASURED
PORE WATER PRESSURES
The influence o f t i p  shape and porous f i l t e r  pos it ion on the 
measured pore water pressures has now been recognized by some workers. 
Holden (1974) elaborated on the form o f the penetrometer t i p .  He 
commented on the very complex nature o f the stress f ie ld  produced 
around a penetrometer t ip  during a penetration process. I t  is  c lea r 
tha t d i f fe re n t  shapes o f penetrometer t ip s  w i l l  produce d i f fe re n t  
stress f ie ld s .  Hence, th is  can influence the excess pore water 
pressure generated during penetration.
Massarch e t al (1975) measured pore water pressures in  cohesive 
so i ls  w ith a m u lt ip le  piezometer 33 mm in diameter. •The piezometer 
was provided with a number o f pore pressure un its  spaced 1.0 m apart. 
Massarch e t al explained tha t when the piezometer was pushed in to  the 
s o i l ,  the observed pore pressures increased a t a l l  leve ls . A large 
increase o f the pore pressure was observed at the t ip  o f the m u lt ip le  
piezometer. Along the sha ft,  the values were much lower, and decreased 
as the f i l t e r  pos ition increased away from the t ip .
Torstensson (1977) f i t t e d  three pore pressure probes w ith  three 
d i f fe re n t  f i l t e r  arrangements.. One probe was f i t t e d  w ith a conical 
f i l t e r  and the two others with c y l in d r ic a l  f i l t e r s  placed a t d i f fe re n t  
distances from the t i p  po in t. Pore pressure soundings were carr ied  
out w ith a penetration rate o f 1 m/min in a s i te  which consisted 
o f a homogeneous normally consolidated c lay, and i t  was observed 
tha t the highest pore pressures were measured w ith the f i l t e r  a t 
the cone t ip  and tha t the value o f  (u) decreases as the f i l t e r  was 
moved away from the t ip .
Baligh e t al (1977, 1980), V iva tra t and Ladd (1979, 1981) 
and Baligh and V iva tra t (1979) used piezometer probes o f  d i f fe re n t  
cone angles in th e ir  research, which were fu r th e r  modified in order 
to measure pore pressures a t d i f fe re n t  locations on the cone and the 
shaft behind i t .  I t  was demonstrated tha t d i f fe re n t  t ip  shapes 
produced d i f fe re n t  excess pore pressures. A' typ ica l example is  shown 
in Fig. 10.12, showing tha t t ip s  with an apex angle o f 60° measure 
higher pore pressure values than t ips  w ith an apex angle o f 18°. I t  
was demonstrated tha t pore pressure measurements during steady cone 
penetration in  clays a t the standard ve lo c ity  o f 1 to 2 cm/sec show 
that pore pressure is  not uniform a t d i f fe re n t  locations on the cone 
and shaft behind i t .  An example is  shown in Fig. 10.13. I t  is  to be 
noted tha t pore pressure a t mid-height o f the cone is  la rger than 
pore pressure a t the t ip  (curves 1 and 2). Furthermore, pore pressure 
decreases behind the cone fo r  a distance o f 4 to 5 times the shaft 
diameter, d, and is  more or less constant up to (a t leas t) a distance 
o f 11 d.
Roy (1981) carried out in te res ting  work in order to study the 
e f fe c t  o f the geometry o f the t ip  and loca tion o f the porous f i l t e r  
on the pore pressure probe. He equiped his piezo-penetrometer w ith 
a detachable po in t in order to vary eas ily  the pos it ion  o f the f i l t e r  
and the pattern o f the pore pressure generation a t or above the cone 
t ip .  The resu lts  obtained showed tha t maximum pore pressures were 
measured with f i l t e r  pos it ion at the t ip  o f the cone, as a re s u lt  o f 
the strong deformations required to le t  the piezo-penetrometer 
penetrate the in ta c t  c lay. Pore pressures measured when the f i l t e r  
was positioned on the shaft corresponded to the new stress condition 
along the shaft a f te r  the fa i lu re  was developed around the conical 
part o f the piezo-penetrometer, hence the pore pressure values were 
lower.
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I t  is  very evident from the resu lts  reviewed so fa r  o f many 
workers, tha t the magnitude o f pore pressures during penetration varies 
with the shape o f the t ip  and the location o f porous element on the 
probe. Therefore i t  seems important to note tha t so il p ro f i l in g  
should be carried out w ith an appropriate t ip  in order to measure 
the maximum pore pressures induced during d r iv ing  i . e .  those measured 
in the fa i lu re  zone o f the in ta c t  so i l  around the t ip .  Also, the 
overa ll cone shape should correspond to the recommended standard 
fo r  the penetration te s t .
10.6 EFFECTS OF GENERATED PORE PRESSURES ON PENETRATION RESISTANCE
Among the f i r s t  studies o f  the influence o f  water on penetration 
te s t  resu lts  is  tha t by Plantema (1957) who carried out tests on f iv e  
types o f sands in a dry, moist and saturated condition in a large 
c a l ib ra t io n  chamber. He observed substantia l d ifferences in penetration 
resistance in dry, moist and saturated sand. However he did not give 
an explanation fo r  those d iffe rences, and no information was given on 
the re la t iv e  density o f  the sands tested. Hence the resu lts  can only 
be treated q u a l i ta t iv e ly .
Drozd (1965) presented resu lts  o f some dynamic penetration 
tes ts , carried out on dry, moist, and water saturated sands to 
establish the influence o f the pore water pressures. Several piezo­
meter tubes were in s ta l le d  in  a container f i l l e d  with saturated sand 
o f  a certa in  density. The changes o f water leve ls in the tubes 
were recorded when the penetrometer was driven by a blow. In the 
saturated loose sand a r ise  o f the water level in the piezometric 
tubes was recorded, whereas in the saturated compacted sand a f a l l  
o f the water level was recorded. Minimal changes were recorded in  
the sample a t a re la t iv e  density o f about 45 per cent. I t  was also
noted tha t equal numbers o f blows in dry and saturated sand were 
observed a t re la t iv e  densities o f 65-85 per cent. Perhaps Drozd 
was the f i r s t  to give an explanation o f the e ffec ts  o f pore pressure 
generation on penetration resistance. He explained tha t in saturated 
loose sand compaction o f the sand takes place, therefore the pore 
pressure a t the moment o f penetration increases and the e f fe c t iv e  
stress and the number o f blows decreases. In the saturated compacted 
(dense) sand, loosening (d i la t in g )  o f the sand takes p la te , and there­
fore the pore pressures decrease and the e f fe c t iv e  stress and the number 
o f blows increase. The penetration resistance depends wholly on the 
value o f the e f fe c t ive  stress between the grains and the value o f the 
in te rna l f r i c t i o n .  As the angle o f  the in te rna l f r i c t io n  in  sand does 
not change too much with changes in the moisture content the differences 
in the number o f  blows must be a t t r ib u te d  to the differences in  the 
e ffe c t ive  s tre ss .
Drozd (1974) fu r th e r  commented on the same experiments. He 
reported tha t q u a l i ta t iv e ly  s im ila r  resu lts  o f pore pressure genera­
t ion  were obtained e ith e r by a slow penetration movement in to  the 
sand or by a quick motion. Fig. 10.14 shows tha t resu lts  o f Drozd's 
experiments. Generally i t  is  seen tha t a l l  the sands tested in  a 
saturated condition encounter a lower blow count fo r  re la t iv e  densities 
up to about .80 per cent. At higher re la t iv e  densities i . e .  above 
80 per cent, saturated sands gave higher blow counts than dry sands.
The influence o f the ground water level on the dynamic and s ta t ic  
cone resistance has been reported by Schultze and Melzer (1965).
They reported a noticeable decrease in the penetration resistance 
a f te r  the ground water level was penetrated. However they did not 
give an explanation fo r  th is  phenomena, nor did they mention any thing 
about pore pressure generation during penetration.
Schmertmann (1974) presented examples from f ie ld  s ites  where 
qu as i-s ta t ic  cone penetrometers were used to permit a t leas t a 
q u a l i ta t iv e  estimate o f pore pressure e ffec ts  on cone bearing capacity, 
q^. The various examples showed tha t negative pore pressures can 
g reatly  increase cone bearing in some sands and tha t pos it ive  pore 
pressures can grea tly  reduce qc in some cohesive so i ls  due to decrease 
in e f fe c t ive  s tress. Schmertmann also suggested tha t the pore 
pressure along the push rods ju s t  above the base o f the cone may be 
negative during t ip  penetration, even when pos it ive  around the t ip  
po in t. In an example given by Schmertmann in  a deposit o f s l ig h t ly  
cohesive f in e  sand the qc values increased by 25% as the sounding 
method was changed from discontinuous to continuous penetration.
He argued tha t th is  was due to excess negative pore pressure, l i k e ly  
to occur in dense sand capable o f d i la t in g  in  shear.
At a second s i te ,  the deposit consisted o f sens it ive  organic
clayey sand. SPT values o f 0-1 were encountered, and suggested an
extremely weak and compressible s o i l .  Local experience however,
indicated tha t large build ings could be constructed and perform
adequately on the s i te .  For th is  reason supplementary research
with a Dutch cone penetrometer was carr ied out using ordinary and
two successively slower rates o f penetration. Fig. 10.15 presents
the resu lt ing  qc p ro f i le s .  I t  shows tha t the reduction in  ra te  o f
penetration to I  cm/sec increased q by about 18% and a second reduc- 
8 it ion  in  the rate to JL- cm/sec increased qr by 48% compared to the
100 c
standard. The greater qc w ith slower rate were believed to re s u l t  
from higher e f fe c t ive  stresses during slower penetration. The high 
pos it ive  pore pressures generated during dynamic penetration or fa s t  
Dutch cone te s t  would re s u lt  in a reduction o f the e f fe c t iv e  stresses 
around the t ip  o f  the penetrometer and hence the resistance to 
penetration would be reduced.
Kok (1974) reported a f ie ld  investigation, to f ind  the e f fe c t  
o f the penetration speed and the type o f the cone on the measured 
cone resistance in continuous Dutch s ta t ic  cone te s t .  The tests were 
carried out in medium f in e  to medium coarse sand, w ith penetration 
speeds of 5 and 20 mm/s. The two types o f cones used were the 
mechanical D e lf t  and the smooth Fugro e le c tr ic a l  cone. He reported 
tha t there was no s ig n if ic a n t  d iffe rence in the cone measurements 
obtained from the two penetration speeds. However there was a very 
s ig n i f ic a n t  d iffe rence between the cone resistance measurements 
obtained from the two main types o f cones. The e le c tr ic a l  smooth cone 
gave in average 30% higher resu lts  than the D e lf t  mechanical cone.
Kok, however, did not elaborate on these re su lts .  The fa c t  tha t Kok 
did not measure a s ig n if ic a n t  d iffe rence in the cone measurements 
may be true because the ra t io  o f the penetration speeds was only 4 
times. As seen in the work o f Schmertmann (1974), penetration speed 
can e f fe c t  the measurements in sandy so i ls  and especia lly  in  dense 
and loose sands, provided the ra t io  in speed is  greater than about 
15 times.
Bemben and Myers (1974) reported an investiga tion  on the in fluence 
o f rate o f penetration on s ta t ic  cone resistance values in varved 
clays. By varying the rate o f penetration over two magnitudes, both 
drained and undrained fa i lu re  conditions were obtained, thus in f lu e n c ­
ing the s ta t ic  cone resistance. This is  shown in Fig. 10.16. The 
complexity o f the curves was believed to be associated with a 
combination o f v isco s ity  and pore pressure drainage e f fe c ts .  I t  can 
be observed tha t the drained condition fo r  th is  p a r t ic u la r  deposit, 
has been achieved fo r  a rate o f penetration o f around 0.05 cm/sec. 
Additional decrease o f the rate o f penetration did not re s u l t  in an 
increase in the penetration resistance ind ica ting  the excess pore 
pressure in fluencing the u ltimate shear strength. Thus fo r  th is
p a r t ic u la r  deposit the undrained condition was achieved fo r  a 
penetration speed around 0.2 cm/sec. Further increase in  the rate 
o f penetration resulted an increase in the penetration resistance 
value, showing the influence o f the viscous resistance on the 
penetration process.
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CHAPTER 11
CALIBRATION CHAMBER
-   -  -  - »____________
11.1 INTRODUCTION
To study the factors which influence penetration resistance 
o f s o i ls ,  the best and perhaps the only way is  the use o f  a c a l ib ra ­
t ion  chamber. C a lib ra tion  chambers have been discussed in d e ta i l  in 
Chapter 8. Before undertaking the bu ild ing o f a ca l ib ra t io n  chamber 
fo r  the present study, i t  was decided to construct a small setup 
enabling small scale dynamic penetration tes t in g . The ob ject o f the 
exercise was to f in d  out a t least q u a l i ta t iv e ly ,  whether overconso­
l id a t io n  o f the sand specimen would have an e f fe c t  on the penetra­
t ion  resistance. The setup consisted o f two Rowe ce l ls  f ixed  
together to form a so il container 254 mm in diameter and 254 mm in 
height. Through the top o f the apparatus f iv e  holes were provided 
in order to perform penetration tes ts . A complete set o f tests  was 
carried out in th is  system and promising resu lts  were obtained. 
Deta ils o f the apparatus, and the te s t  resu lts  w i l l  be discussed 
in  Section 12.7.
The resu lts  obtained from the penetration tests carr ied  out 
in the two Rowe ce lls  led to the decision to construct a large 
f le x ib le  wall c a l ib ra t io n  chamber s im ila r  to those b u i l t  a t F lorida 
U n ivers ity , Monash Univers ity  and the I ta l ia n  National E le c t r ic i t y  
Board in co-operation with Politecn ico di Torino. Obviously as the 
size o f  the chamber specimen is  increased, so the penetration 
resistances measured in the chamber w i l l  approach those tha t would 
be measur'ed in an equivalent f ie ld  deposit. Design drawings and 
an estimate o f the cost o f such a large chamber were prepared by 
the w r i te r .  However the idea o f constructing such a chamber was
abandoned due to high cost and lack o f funds. As an a lte rn a t ive  i t  
was decided to construct a smaller f le x ib le  walled chamber with a 
simpler design but serving the same purpose o f a la rger one. Full 
scale penetration tests however could not be carried out in such 
a chamber because o f  the boundary e ffec ts  as described in Section 
8.4, hence i t  was decided to use model penetrometers. This chamber 
was designed and constructed successfully and has served well the 
purposes o f  the present research and is  s t i l l  being used by other 
workers. Many o f the larger components o f the chamber were fabricated 
a t a local engineering company because the lathe a t the C iv i l  
Engineering Departments Workshop was too small to handle large 
diameter parts. Details o f the design and construction o f the chamber 
are given below.
11.2 CHAMBER DESIGN
11.2.1 General Description o f the Chamber
The te s t  chamber was designed to house specimens 435 mm in 
diameter and 630-690 mm in height. This size o f the specimen was 
governed by the size o f  the outer cy linde r which was already ava ilab le  
in the so i ls  laboratory. I t  was decided to leave a clearance o f 
40 mm, between the specimen and the cy linder w a l l .
The chamber was used to control stresses a t the specimen 
boundaries in both v e r t ica l and horizontal d ire c t ion s . A cross- 
section o f the chamber is  shown in Fig. 11.1. Vert ica l stresses were 
applied to the specimen via a pressure diaphragm in the base o f  the 
chamber. This diaphragm was f i l l e d  with water and pressure was 
applied by means o f an a ir-w ater pressure system. This compressed 
the specimen against the top platen. Lateral stresses were applied
by increasing the pressure o f the water surrounding the specimen, 
which was enclosed in a 1.2 mm th ick  la tex rubber membrane.
11.2.2 Outer Cylinder
The outer cy linder is  shown in Plate 11.1. I t  enclosed the 
specimen and formed the outer wall o f the chamber. I t  was constructed 
from a steel c y l in d r ic a l bin already ava ilab le  in the so i ls  laboratory. 
The bin had an inside diameter o f 506 mm a height o f  763 mm, and a wall 
thickness o f 12 mm. I t  was taken to a local Engineering company, the 
bottom end was cut and the inside o f the bin was sand blasted to 
remove ru s t.  A 25 mm th ick  flange was welded to th is  end. 12 equally 
spaced holes each 20 mm in diameter were d r i l le d  in th is  f lange. A 
top flange with s im ila r  holes was already ava ilab le  a t the top end 
o f the bin. A Klinger valve was f i t t e d  to the cy l inde r. Through 
th is  valve, horizontal pressure was applied. The cy linde r was then 
painted with an anti ru s t pa in t in order to preserve i t  from constant 
use in water.
The l i f t i n g  o f the outer cy linder was carried out by the mobile 
overhead gantry described in Section (11.2.10). A steel cross beam 
was bolted to the top flange o f the cy linder and the hand operated 
chain block was hooked to the centre o f  th is  beam.
11.2.3 Bottom Plate
The bottom plate acted as a base to the chamber w ith the
i
specimen and the outer cy linder resting on i t .  The bottom p la te  
shown in Plate 11.2, was made o f Aluminium A lloy  HP!5TB. I t  had a 
diameter o f 606 mm and 25 mm thickness. Two sets o f 12 equally 
spaced holes were d r i l le d  in the p la te . The outer set o f holes 
each had a diameter o f 20.3 mm. These holes were used to b o l t
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PLATE 1 1 . 1 .  OUTER CYLINDER AND SPECIMEN.
the p la te to the outer cy linde r. The inner set o f holes had each 
a diameter o f 15 mm, and were used to b o l t  the angle ring and the 
pressure diaphragm to the bottom p la te.
A sta in less steel drainage tube, connected to the top o f the 
pressure diaphragm emerged from the centre o f the bottom pla te through 
an "0" r ing  seal located in a brass bushing. The drainage tube extended 
through the bottom plate down in to  the space underneath the chamber 
and between the chamber stand. A f le x ib le  tube connected the drainage 
tube to a drainage hole d r i l le d  from the edge face o f the bottom p la te . 
An external tube was plumbed to the drainage hole a t the edge face, 
and through th is  tube, volume change and pore pressure in the specimen 
were measured (see Plate 11.2). The bottom plate was also f i t t e d  with 
a Klinger valve, and a bleed screw. Through the Klinger valve, the 
ve r t ica l pressure was applied.
11.2.4 Chamber Stand
The chamber was rested on the stand through to bottom plate 
(see Plate 11.2). The stand consisted o f a c i rc u la r  r ing  having three 
fe e t.  The height o f the fe e t were 30 cm and the space occupied by the 
three fee t and the bottom plate was used fo r  mounting the v e r t ic a l 
d ia l gauge, also the connecting l in e  fo r  the v e r t ica l pressure passed 
through th is  space.
11.2.5 Top Cover (top p la te )
The top cover (shown in Plate 11.3) closed o f f  the top o f 
the chamber, sealing around the top flange o f the cy linde r w ith a 
Neoprene gasket. The cover also acted as a reaction to the v e r t ic a l  
load acted on the specimen.
The p late was made o f  Aluminium A lloy  HP15TB. I t  had a 
diameter o f 606 mm and 25 mm thickness. 12 equally spaced holes 
each o f 20.3 mm diameter, were d r i l le d  in the p la te . These holes 
were used to b o l t  the plate to the outer cy linde r. The p la te was 
fu r th e r d r i l le d  with four holes each having a diameter o f  20 mm.
These holes were used to clamp the top cover to the top platen.
Further, the top cover was provided w ith an 80 mm hole to enable 
penetration tes t ing  to be performed. This hole was made la rger 
than tha t in the top platen in order to make provision fo r  the central 
plug which sealed the top platen hole and also to account fo r  small 
var ia tions in the ve r t ica l alignment o f the specimen. A bleed valve 
was also f i t t e d  to the top cover.
In choosing the material to construct the bottom and top
plates, a l ig h t  material was used in order tha t one person could l i f t
the plates. To fab rica te  the plates from steel would prevent l i f t i n g
by one person, thus making the job o f working with the chamber more
d i f f i c u l t  and time consuming i f  more than one person worked regu la r ly
on the chamber. Hence i t  was decided to use a l ig h t  Aluminium A llo y .
One disadvantage however o f using the l ig h t  Aluminium A lloy  is  tha t
i t  is  less s t i f f  than s te e l,  hence i t  tends to d e f lec t more under load.
In order to check deflexion o f the top and bottom plates analysis was
carried out using the theory o f plates and shells  (Timoshenko and
Krieger 1959). This analysis is  presented in Appendix I I .  I t  was shown
in the analysis tha t the maximum working pressure should be in the 
2order o f 500 kN/m in order to minimize deflexion and also prevent 
leakage o f water through the gasket between the top and bottom plates 
and the flange o f the outer cy linde r. In order to work on higher 
pressures i t  was necessary to bu ild  a loading frame which would 
support the top and bottom plates p roh ib it in g  any deflexion to occur. 
This loading frame was designed and constructed a t the C iv i l  Engineering
Department's Workshop; however i t  was not used in the present p ro jec t 
because the ve r t ica l pressures used did not exceed 500 kN/m^. Deta ils 
o f the loading frame are presented in Appendix I I I .
11.2.6 Top Platen
The top platen is  shown in Plate 11.3. I t  transfered the 
upward th ru s t o f the pressure diaphragm on the sand specimen onto 
the top p la te . I t  had the same purpose as the top cap in a standard 
t r ia x ia l  apparatus. I t  was the top boundary o f the specimen, and the 
side membrane was sealed around th is  platen.
The top platen must also be l ig h t  to make i t s  pos it ion ing on 
top o f the sand specimen easy. I t  must also be r ig id ,  hence i t  was also 
made o f Aluminium A lloy  material which was machined to a very smooth 
f in is h .  The platen was c irc u la r  in shape, 426 mm in diameter, and 50 mm
in thickness. This thickness would allow the membrane to seal against i t .
The sealing o f the membrane around the top platen was most
important. Any leak from th is  seal would allow water from the sides
of the specimen (chamber water) to enter the specimen, thus leading 
to erroneous volume change measurements. Also (as w i l l  be seen in 
Chapter 12) th is  would present d i f f i c u l t i e s  in Ko-consolidation o f  the 
specimen. In addition the la te ra l pressure could be lo s t  overnight or 
a t weekends i f  there was any leak in the seal, w ith the re s u lt  th a t the 
specimen might collapse.
The sealing of the membrane around the top platen presented a 
problem fo r  some time. F i r s t  i t  was decided to use three "0" r ings 
each having an inside diameter o f 418 mm and an outside diameter o f 
432 mm, these were ordered from a s p e c ia l is t  local f irm  (dames Walker
PLATE 1 1 . 2 .  PRESSURE DIAPHRAGM, 
ANGLE RING,  BOTTOM PLATE AND STAND
PLATE 1 1 . 3 .  TOP COVER AND TOP PLATEN.
PUTE n . 4 .  JUBILEE C L l p ,  ,
THE R im e r n’ L/IRG£ " 0 "  RJNrc „RUBBER BANDS. NGS> G A I N I N G
11.5.
w a r * ®  ™  « „ 0l£ „  w
o f Woking). They did not however operate s a t is fa c to r i ly  because they 
were not t ig h t  enough. I t  was then decided to use smaller diameter 
"0" r ings . These had an inside diameter o f 380 mm and an outside 
diameter o f 395 mm. These however presented also some d i f f i c u l t i e s  in 
s tre tch ing and f i t t i n g  them, and some leakage was fu r th e r  noticed a t 
the seal. F in a l ly  i t  was decided to use metal bands o f the Jubilee 
C lip type. These were 10 mm wide and made o f galvanized metal.
Large diameter Jubilee Clips were not ava ilab le , and thus i t  was 
decided to purchase 250 mm diameter ones and f i x  them together in 
pairs. This presented a small problem, in tha t the screwing end of 
the Jubilee Clips had a smaller curvature than tha t o f the top platen. 
This problem was solved by providing f le x ib le  steel inserts  between 
Jubilee Clips and the membrane made o f hack-saw blades. These blades 
were f i l e d  and smoothed to very th in  ends. The function o f these blades 
was to bridge over the smaller curvature o f the Jubilee Clips and press 
f i rm ly  against the rubber membrane. Another problem raised by the use 
o f Jubilee Clips bands was tha t they tended to pinch hence damage the 
rubber membrane. This was solved by providing an extra rubber band to 
act as a cushion under the Jubilee C lips. This procedure proved to be 
very sa t is fa c to ry  to seal the rubber membrane against the top p laten. 
Plate 11.4, shows the Jubilee C lips , large "0" r ings , the re ta in ing  
blades and the rubber bands used.
A 50 mm diameter hole was d r i l le d  out a t the centre o f  the top 
platen. This would allow penetration to be carried out through i t .  
During preparation o f the sand specimen and during conso lida tion , th is  
hole was sealed with a plug and a rubber washer (Plate 11.5). The plug 
was provided with 4 Allen screws which would t igh ten i t  against the 
top platen.
An e le c t r ic  pressure transducer o f the type PDCR 10 was f ixed  
to the top o f the plug. This would allow the measurement o f pore 
pressure in the specimen when under vacuum and during consolidation.
To seal the top platen against the top cover, an "0" r ing  groove 
was machined in the top surface o f the platen. An "0" r ing seal w ith an 
inside diameter o f  317 mm and an outside diameter o f 330 mm was placed 
in to  th is  groove. The top platen would then be clampled t ig h t ly  against 
the underside o f the top cover by means o f four bo lts  which would p ro jec t 
up from the top platen through holes in the top cover, thus e f fe c t iv e ly  
sealing the ce ll  chamber.
11.2.7 Rubber Membrane
The specimen in the chamber was enclosed on the sides by a rubber 
membrane. This membrane was f le x ib le  enough to allow the specimen to 
deform f re e ly ,  and impermeable enough to prevent the pressurized water 
surrounding the specimen from entering in to  i t .  The membrane was in the 
form o f an open ended cy linde r.
Some thought was given to decide what material to use fo r  the 
membrane. A fte r  consulting some s p e c ia l is t  companies, i t  was f i r s t  decided 
to use a membrane made from Neoprene with dimensions 426 mm inside diameter, 
915 mm long and 3 mm th ick .  This membrane was made o f a wide sheet and 
the two ends jo ined together with a scarf type j o in t  in order to keep 
the membrane thickness constant. Upon f i r s t  use o f th is  membrane, how­
ever i t  proved to be useless fo r  the fo llow ing reasons. F i r s t l y  Neoprene
is  not a f le x ib le  rubber w ith the 're su lt  o f e ffec t ing  the stress measure-
' ■!
ments on the specimen and secondly leakage o f water was observed from 
the j o in t  a t the top and bottom end seals.
At th is  stage i t  was decided to change the membrane. A number 
firms spec ia liz ing  in.making and s e l l in g  of rubber membranes fo r  the 
standard t r ia x ia l  te s t  were consulted. Also the Building Research 
Establishment was approached. F in a l ly  i t  was decided to use natural 
rubber membrane as recommended by the BRE. The spe c if ica t ion  o f the 
material was tha t i t  should be o f pure rubber la tex o f low prote in content, 
and containing no coagulant (CaC103), and be doubly leached. The f irm  
approached (Denber Trading Company o f  West Sussex) was also recommended 
by the BRE. The new rubber membranes had a diameter o f 426 mm, a length 
o f 900 mm and a thickness o f about 1.2 mm. These membranes were made 
in one piece by dipping a spec ia lly  fabricated tool having the required 
size o f the membrane in to  a large tank containing the rubber so lu t ion . The 
mouldings were then cured in the curing so lu t ion . Apart from the long delay 
in de live ry  time some other problems were faced with the f i r s t  membranes 
delivered. Holes were found in them, due to a i r  bubbles entrapped between 
the mould ( to o l)  and the membrane, as the tool was made o f wood, and i t s  
outer surface was not f in ished so as to have a smooth surface. The re s u l t ­
ing membrane products had many i r re g u la r i t ie s  a t one surface, which caused 
leakage o f water in to  the specimen. The f irm  was then n o t i f ie d  and the 
tool was retaken to the toolmaker and i t s  surface was smoothened. Also 
be tter care was given in dipping the tool in to  the tank and the re su lt ing  
membranes were produced qu ite  s a t is fa c to r i l y . Moreover the material was 
very f le x ib le  and the membranes proved to be durable. They performed 
very s a t is fa c to r i ly  fo r  the remainder o f the tes t ing  programme. Plate 
11.6, shows a rubber membrane used in the tests and Plate 11.1 shows 
such a membrane enclosing a specimen.
The membranes had to be examined fo r  holes between every few tes ts .
To detect holes in the membrane was a d i f f i c u l t  task. At f i r s t  the 
membranes were stretched against a l i g h t  source so tha t the holes would 
be noticed and marked, but th is  procedure was laborious and some holes
were missed. A second method proved to be more e f fe c t iv e .  The membrane 
was f ixed  to the angle r ing and the top platen as in a normal way when 
a specimen was prepared. Then the top platen was l i f t e d  by the 
overhead gantry and a i r  pressure was introduced inside the membrane 
via the drainage tube located a t the base o f the chamber. The outside 
o f membrane and a t i t s  ends was then rubbedwitha soapy water and any 
hole in  the membrane would show in the form o f a i r  bubbles. This method 
was also useful in detecting leakages in the end seals and the central 
plug.
I t  is  worth noting tha t other workers (Chapman 1974, 1979) 
have had s im ila r  d i f f i c u l t i e s  with the rubber membranes. Chapman 
also used natural rubber to fab r ica te  his membranes, but he reported 
tha t these were unsatis factory because the material (natural rubber) 
showed signs o f perishing and leaks were observed. Thus Chapman 
decided to replace the membrane to Neoprene rubber and reported tha t 
i t  performed s a t is fa c to r i ly .  As noted in the present research, Neoprene 
is  a much less f le x ib le  material than natural rubber. On the other 
hand, the perishing o f natural rubber is  thought to be-caused by 
poor curing techniques.
11.2.8 Pressure Diaphragm
The pressure diaphragm is  shown in Plate 11.7. I t  provided 
a means o f compressing the specimen v e r t ic a l ly .  The diaphragm could 
move v e r t ic a l ly  in the angle r ing . The edge o f the diaphragm had 
12 holes, each o f 15 mm diameter, and was placed between the angle r ing 
and the bottom plate and tightened with 12 bo lts  thus providing a leak- 
proof seal. Water pressure introduced between the bottom p la te  and the 
pressure diaphragm would cause the diaphragm to r ise  up and compress 
the sand specimen against the top p la te . The diaphragm was fab rica ted
by a s p e c ia l is t  company (P las t ic  Coatings Ltd o f Surrey). I t  was 
made o f PVC, DM50 black m ate ria l.  I t  had a maximum travel o f about 
40 mm. This travel was chosen to allow compression o f a loose specimen 
without running out o f t ra v e l.
The pressure diaphragm has performed very s a t is fa c to r i ly  through­
out the tes t ing  programme, i t  also proved to be durable since one 
diaphragm was used throughout the 22 tests performed in the present 
research programme.
I t  is  worth mentioning tha t other chambers have used a piston 
and cy linder system to provide means o f compressing the specimen 
v e r t ic a l ly .  Chapman (1979) mentions some d i f f i c u l t i e s  faced in 
achieving a perfect a i r  t ig h t  seal between the piston and cy l inde r.
The outer surface o f the piston caused leak problems because o f 
surface i r r e g u la r i t ie s .  This problem was solved by a laborious hand 
f in is h  o f the piston using a f in e  emery paper and any dents or scratches 
were f i l l e d  w ith an epoxy f i l l e r .
The pressure diaphragm was designed to operate a t pressures up 
to 1500 KPa . Through the middle o f the diaphragm a sta in less steel 
drainage tube was connected which emerged through the bottom p la te  to 
outside o f the chamber. Through th is  tube, drainage o f the specimen 
could be achieved and also pore water pressure was measured.
Before a specimen was formed on the pressure diaphragm, a c i r c u la r  
p late was placed over the diaphragm. This p la te was 1.5 mm in thickness, 
406 mm in diameter and had a hole o f 25 mm in diameter a t i t s  centre.
This hole was usually covered with a f i l t e r  c lo th  to prevent sand 
pa rt ic les  entering around the sides o f the diaphragm or blocking 
the drainage tube a t i t s  centre.
PLATE 1 1 . 6 .  LATEX RUBBER MEMBRANE FOR ENCLOSING THE SPECIMEN.
PLATE 1 1 . 7 .  PRESSURE DIAPHRAGM FOR PROVIDING VERTICAL PRESSURE.
11 .2 .9  Angle Ring
The function o f the angle r ing was twofold. F i r s t  i t  acted 
s im ila r  to a cy linder where the pressure diaphragm moved v e r t ic a l ly  
in to  i t  thus compressing the sand specimen. Second, the rubber 
membrane was f ixed  to i t  by means o f Jubilee C lips . The angle ring  
was fabricated from mild steel and machined to a very smooth f in is h .
I t  was then painted with anti rus t pa int in several coats and c a re fu l ly  
rubbed w ith a f in e  emery paper to achieve a very smooth surface.
The angle r ing was bolted to the bottom plate by means o f 12 b o lts ,  
w ith the pressure diaphragm ends between them.
In choosing the outer diameter o f the angle r in g ,  i t  was decided 
to make i t  equal to the diameter o f  the specimen. The pressure diaphragm 
would then have a diameter smaller than tha t o f the angle r ing  by an 
amount equal to double thickness o f the angle ring  ( i . e  20 mm). This 
d iffe rence was taken in to  account when ca lcu la ting  the v e r t ic a l  stress 
on the specimen.
In Plate 11.2 the angle r ing is  shown in pos it ion . During 
preparation o f the sand specimen, i t  was observed tha t sand p a r t ic le s  
would enter to the space around the sides o f  the pressure diaphragm.
This was prevented by s t ick ing  a rubber sheet cut from standard 150 mm 
t r ia x ia l  membranes to the ve r t ica l part o f the angle r in g . A hole was 
cut a t the centre o f  the membrane. The hole was covered w ith a f i l t e r  
c lo th .
11.2.10 The Overhead Gantry
The overhead gantry was o f the mobile type and mounted on 
four a l l-sw ive l r o l le r  bearing castors. I t  had a hand operated chain 
pu lley block with hooks and f ixed to the centre o f the underbeam. The 
gantry was bought from a scrap yard, cleaned and painted, i t  was also 
load tested and i t s  safety approved. I t  is  shown in Plate 11.8.
The gantry was used in l i f t i n g  the.outer cy linder and other heavy 
parts o f the apparatus. I t  was also used in weighing the apparatus 
by l i f t i n g  i t  against the compression load c e l l .
During penetration tes t ing  the gantry was used to l i f t  
the s l id in g  l in k  and the fa l l in g  mass (hammer). For th is  purpose a 
mechanism was designed consisting o f two pulleys f ixed  to an end o f 
a steel column which in turn was f ixed  to the centre o f the underbeam 
o f the gantry. This mechanism is  shown in Plate 11.8.
11.3 THE DYNAMIC PENETRATION SYSTEM
11.3.1 The Penetrometer Design
In Chapter 8, the e ffec ts  o f boundary conditions imposed by 
the ca l ib ra t io n  chamber were described. I t  was also shown tha t in 
order to minimize the boundary e f fe c ts ,  the diameter o f specimen to 
penetrometer ra t io  should preferebly be o f  the order o f 20 or more.
For th is  reason i t  was not possible to use standard size o f penetrometers 
in the present study because the specimen size (430 mm) was not large 
enough and fo r  reasons o f economy and time a la rger c a l ib ra t io n  chamber 
was not constructed. Hence i t  was decided to construct the penetrometer 
with 20 mm diameter.
The idea was to perform model SPT arid hence the penetrometer 
was designed as a model to the SPT spoon. This was achieved using
the theory o f s im il i tu d e  as applied to model analysis as described
by, Louw(l971 , 1977). I t  follows that
nh /t = f  ( E ' t 3/W, ht/A)  . . 1 1 . 1
where
n = number o f blows to achieve a certa in  penetration, using the 
two apparati
t  = corresponding standard penetration fo r  model or prototype 
h = height o f f a l l  o f  the drop weight
E = modulus o f the com press ib il ity  o f  the so il
W = the mass o f  the drop weight
A = the net cross sectional area o f the penetrometer
f  = a function
Now re fe rr in g  the symbol (m) to the model penetrometer and (p) to 
the prototype standard penetration te s t  spoon, and assuming Ep/Em = 1
and fo r  a constant ra t io  n h /t ,  equation 11.1 implies tha t
t 3 w
- 1m =  J  ......... .. 11.2i  w
t  p p
and
h t  h t
m m = p p '____ . . .  11.3
fo r  the standard penetration te s t t  = 300 mm, w = 63.5 kg
2 2 P \h • = 760 mm and A = tt (50 - 35 )/4  = 1001.4 mm. Assuming a 10 kg
P p
weight fo r  the model and a 20 mm diameter penetrometer and su b s t i tu t in g
in equations 11.2 and 11.3 then
t  = 162 mm •m
and
h = 441 mm m
*
in accordance with these ca lcu la tions , the penetrometer was designed 
w ith a so l id  cone having 60° apex angle, a diameter o f  20 mm and a
le ng th  o f  200 mm.
The penetrometer was fabricated in the C iv i l  Engineering Workshop. 
Mild steel was used a t f i r s t  because i t  was easy to machine and less 
expensive. Mild steel however caused some problems. I t  started to 
ru s t w ith the re s u lt  tha t i t  damaged the pressure transducer. I t  was 
then decided to fab rica te  the t ip  o f the penetrometer from brass 
because i t  also was easy to machine. Brass caused e le c t ro ly t ic  action 
with the steel and resulted in the destruction o f  the pore pressure 
transducer. F in a l ly  i t  was decided to fab r ica te  the penetrometer from 
sta in less steel o f the type 316 SI6 which proved to be very s a t is fa c to ry .
The pressure transducer used in the penetrometer was o f the type 
PDCR81 made by Druck Ltd. I t  was a miniature transducer 6.4 mm in 
diameter and 11.4 mm in length, consisting o f a s ingle crys ta l s i l ic o n  
diaphragm with a f u l l y  active s tra in  bridge d iffused in to  the surface. 
Some thought was given in design in order to accommodate the transducer 
in the penetrometer and also on the pos it ion  o f the porous f i l t e r .
Advice was sought on th is  matter from B r i t is h  Building Research 
Establishment and also the manufactures o f the transducer.
A few versions o f the design were ac tu a lly  fabricated and t r ie d  
and one o f these early  versions is  shown in Fig. 11.2.The porous f i l t e r  
was f i t t e d  in two holes d r i l le d  a t the cone face. This type was not 
successful because i t  was thought i t  did not have a fa s t  response to 
the dynamic pore pressures generated.
A f in a l  design o f the penetrometer is  shown in Fig. 11.3 and the 
basic component parts are shown in Plate 11.9 and shown f u l l y  assembled 
in  Plate 11.10. As shown in Fig. 11.3 and Plate 11.9, the transducer 
was accommodated in a recess spec ia lly  machined fo r  the purpose. I t  
was sealed around i t s  side and a t the lead end by "0" r ings .
PLATE 1 1 . 8 .  L I F T I N G  GANTRY, ALSO SHOWING STEEL 
COLUMN AND TWO PULLEYS USED IN 
PENETRATION TESTING.
PLATE 1 1 . 9 .  BASIC COMPONENTS OF THE PENETROMETER 
SHOWING THE PORE PRESSURE TRANSDUCER.
PLATE 1 1 . 1 0 .  PENETROMETER FULLY ASSEMBLED.
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The response o f the t ip  to pore pressure changes in the
surrounding so il was c le a r ly  o f cruc ia l importance. The PDCR81
-7 3
diaphragm had a volume take o f 1.7 x 10 cm /b a r,  and the porous
-2 3ceramic a t i t s  end had an estimated conductance o f 8 . 3  x 10 cm /b a r /s .  
The conductance o f the porous carborundum f i l t e r  was measured in the 
laboratory by f i t t i n g  a graduated cy linder a t the open t ip  o f  the 
penetrometer and allowing water to flow through the f i l t e r .  Volume 
o f water and time were recorded and the measured conductance was 
calculated to 4.8 cm^/bar/s, hence the carborundum t ip  presented a 
much lower resistance to flow than the ceramic. Assuming tha t a l l  
water flowing in to  the device, as a re s u lt  o f both the f lexu re  o f  
the transducer diaphragm and the compression o f the water w ith in  
the system, must flow through the both the carborundum t ip  and the 
transducer ceramic, the time fo r  95% equalization o f the device was
very conservatively estimated as be tte r than 0.2 ms. Since the
m a jo rity  o f the water entering the system does so in response to 
compression o f water, ra ther than deflexion o f the transducer 
diaphragm, the 95% response time is  considerably be tte r than th is .
11.3.2 Assembly o f the Penetrometer
Before assembly o f the penetrometer, the end t i p  and the 
transducer were de-aired in water by placinginanopen f la sk  o f  de-aired 
water and in a desiccator and applying vacuum fo r  about s ix  hours by 
a vacuum pump. To assemble the penetrometer, the end t i p  was f i r s t  
clamped in a pan f i l l e d  with water. The transducer was then f i t t e d  
in to  pos it ion  in the t ip  and the wires were led up through the centre
hole o f  the penetrometer and through the hollow push rod. Then the
penetrometer was gently screwed in to  the t i p .  When not in  use the
penetrometer t ip  was always kept in a bucket f i l l e d  with de-aired 
water.
11.3.3 The Automatic Free Fall T r ip  Hammer
The penetrometer was driven in to  the sand using a free f a l l  
automatic t r i p  hammer which allows a 10 kg mass to f a l l  f re e ly  through 
441 mm onto a s t r ik e r  p late or anvil screwed to the top o f the 
penetrometer rods. The anvil would transmit the blow to the penetro­
meter. Details o f th is  system are shown in Plate 11.11.
This mechanism was fabricated in the C iv i l  Engineering 
Department's Workshop. I t  was designed as a small scale version o f 
the t r i p  hammers commonly in use in s i te  inves tiga tion  in the U.K.
The fa l l in g  hammer had a 10 kg mass and was designed to have a c o l la r  
with an enlarged head.
The s l id in g  l in k  mechanism had two grab hooks f i t t e d  a t i t s  
ends which would l i f t  the f a l l in g  mass to a height o f  441 mm where 
they would open immediately when s l id in g  over a sleeve which was 
fixed to the guide rod, thus releasing the f a l l in g  hammer. The height 
o f f a l l  o f  the hammer could be a lte red by moving the pos it ion  o f 
the sleeve on the guide rod.
During penetration te s t in g , the gantry was used to l i f t  the 
s l id in g  l in k  and the fa l l in g  mass (hammer). For th is  purpose a 
mechanism was designed consisting o f two pulleys f ixed  to an end o f 
a steel column which in  turn was f ixed  to the centre o f the underbeam 
of the gantry (see Plate 11.8). During te s t in g ,  a rope was ro l le d  
across the two pulleys with one end t ie d  to the s l id in g  l in k .  Pu ll ing  
the other end, would ra ise the s l id in g  l in k  and the hammer u n t i l  the 
grab hooks would open thus releasing the hammer onto the a n v i l .  By
lowering the s l id in g  l in k  onto the hammer, the grab hooks would 
s l id e  open and then close against the enlarged head thus enclosing 
i t .  The hammer could then be l i f t e d  again. This system worked 
very s a t is fa c to r i ly  throughout the pro jec t w ithout any problems.
11.4 CHAMBER INSTRUMENTATION
1
The data recorded during a complete dynamic penetration te s t  
are l is te d  below. F i r s t ,  during stressing o f the sand specimen the 
data recorded were:
1. Vertica l pressure on the specimen.
2. Lateral pressure around the specimen.
3. Vert ica l movement o f  the specimen.
4. Pore water pressure a t top and bottom o f the specimen.
5. Volume change during consolidation.
During the penetration phase the data recorded were:
1. Penetration depth a t each blow.
2. Pore water pressures generated during each blow.
The v e r t ica l pressure was measured by means o f an e le c t r ic a l  pressure 
transducer f ixed  to the bottom plate to read the pressure in  the 
pressure diaphragm.
Lateral pressure was measured by means o f an e le c t r ic a l  pressure 
transducer f ixed  to the outer cy linde r. Both the v e r t ic a l and la te ra l  
pressures were recorded on a d ig i ta l  readout un its  which are shown in  
Plate 11.12.
The v e r t ic a l movement o f the specimen was measured by measuring 
the movement o f the pressure diaphragm. A d ia l gauge was mounted on 
the concrete f lo o r  underneath the chamber and connected to the drainage
tube which emerged from the centre o f the bottom plate down in to  the 
space underneath the chamber. The d ia l gauge measured the ve r t ica l 
movement o f  the tube and hence tha t o f the specimen.
The pore water pressure in the specimen was measured during 
app lica tion  o f  vacuum and also during consolidation o f the specimen.
The pore pressures were measured a t the top and bottom o f the specimen 
by means o f e le c tr ic a l  pressure transducers. The top transducer was 
f ixed  to the plug which was used to seal the hole in the top platen 
(see Section 11.2.6 also Plate 11.5). The bottom transducer was 
f ixed  to a tube which was plumbed to the bottom p la te . A drainage 
hole was d r i l le d  in the bottom plate*and a f le x ib le  but re la t iv e ly  
incompressible tube connected the drainage hole to the drainage tube 
which was connected to the centre o f  the specimen.
The volume change o f the specimen during consolidation stage 
was measured by the amount o f water flowing out o f the specimen. This 
was achieved by connecting the drainage tube to a graduated tube (b u re tte ). 
A 100 cc tube was found to be adequate.especially in dense specimens. In
loose specimens however la rger volume changes were an tic ipa ted , hence 
the tube was emptied several times during consolidation and the volume 
recorded.
In order to measure the penetration depth, the penetrometer 
and rods were marked with a centimeter scale and penetration depth 
was read against a metal ru le r  which was placed on top o f  the top 
cover. The pore pressure measuring system is. described in the 
fo llow ing Section(11.4.1).
PLATE 1 1 . 1 1 .  THE DYNAMIC PENETROMETER SYSTEM, SHOWING THE SLIDING
L I N K ,  GRAB HOOKS, HAMMER, STRIKER PLATE AND PENETROMETER.
PLATE 1 1 . 1 2 .  D IG ITAL READOUT UNITS FOR RECORDING VERTICAL,  HORIZONTAL 
PRESSURES AND TOP AND BOTTOM PORE PRESSURES.
11.4.1 Pore Pressure Measuring System
The pore pressure measuring system is  shown in Plate 11.13.
Three recording devices were used in measuring the pore pressures 
generated during dynamic penetration. The transducer wires were led 
up through the centre hole o f the penetrometer through the hollow 
push rod and connected to an IEEE - 488 compatible s tra in  gauge 
a m p lif ie r  which in turn was linked to a storage oscilloscope, a 
chart recorder, and a minicomputer. This system allowed the acquistion
o f both the rapid and slow trans ien t pressures.
The oscilloscope used was o f the storage type and f i t t e d  with 
a t r ig g e r  system which was very sensitive  to voltage changes. Some 
a tten tion  was required to set the oscilloscope so tha t i t  would t r ig g e r  
simultaneously as the hammer h i t  the s t r ik in g  p la te . A fte r  each blow, 
the pore pressure trend was stored automatically in the oscilloscope 
and the screen was photographed by a 35 mm re f le x  camera.
The chart recorder was o f the type CR 552 (JJ instruments).
The mini-computer used was a Commodore 3032 series o f the desk top type.
The voltage output from the transducer was amplified through 
the s tra in  gauge am p lif ie r  and supplied to the three systems. Using 
the maximum supply voltage and the s e n s i t iv i t y  o f the transducer a 
ca lcu la tion  was carried out to convert the readings on the oscilloscope 
and the chart recorder to units o f pressure. Also a simple computer 
programme was w r it te n  to convert the voltage supplied to the computer
to un its  o f pressure. An example o f the ca l ib ra t io n  ca lcu la tions and
the computer programme are presented in Appendix (IV ).
A fte r  a transducer was f i t t e d  in to  the penetrometer i t  was 
ca lib ra ted by the aid o f the oscilloscope and the desk computer. To 
zero the pressure reading, the penetrometer was dipped in a very
shallow depth o f water and the zero reading on the computer screen 
was adjusted from the IEEE-488 box. The gain was set by in je c t in g  a 
ca l ib ra t io n  voltage, usually 10 mv through the s tra in  gauge a m p li f ie r .
11.5 VERTICAL AND HORIZONTAL PRESSURE , SYSTEM
The v e r t ic a l and horizontal pressures were applied by means o f 
an a ir-w a te r pressure system. The system comprised o f a cy linde r w ith 
a rubber balloon f i t t e d  inside i t .  The cy linder was f i l l e d  w ith water 
and a compressor was used to provide compressed a i r  to the balloon 
inside the cy linder thus forc ing water out o f the cy l inde r. Plate 11.14 
shows two o f the cylinders used. One such cy linder was used in the 
ve r t ica l pressure supply and another was used in the horizontal 
pressure supply. The cylinders were connected to Klinger valves a t 
the bottom plate and outer cy linder by means o f r ig id  nylon tubings.
A ir  pressure regulators o f the " fa i l - s a fe  precis ion" type were used 
to control the a i r  pressures supplied to the cy linders . These 
regulators were very stable and provided a constant pressure regulated 
to w ith in  1 kpa.
The v e r t ic a l ,  horizontal pressures were displayed by e lec tron ic  
d ig i ta l  readout un its  (Plate 11.12).
11.6 BOUNDARY CONDITIONS
The unique design o f the chamber allowed a va r ie ty  o f boundary 
conditions to be applied to the base and the sides o f the specimen 
inside the chamber. Table 11.1 l i s t s  the possible boundary conditions 
tha t can be applied. The top boundary condition was in  a l l  cases r ig id  
as the sand specimen was compressed d i re c t ly  against the top p la ten.
PLATE 1 1 . 1 3 .  DYNAMIC PORE WATER PRESSURE MEASURING SYSTEM.
PLATE 1 1 . 1 4 .  PRESSURE CYLINDERS USED FOR VERTICAL 
AND HORIZONTAL PRESSURES.
TABLE 11.1
Boundary Vertica l Vertica l Horizontal Horizontal
Condition Stress Deformation Stress Deformation
Compression Ko 
stage
increase decrease increase zero
iso trop ic  increase decrease increase decrease
Penetration B1 
stage
B2
constant variable
variable zero
constant variable
constant zero
B3 constant variab le variab le zero
B4 variable zero constant variable
Ko boundary condition compresses the specimen under conditions o f 
zero la te ra l s t ra in .  This condition is  usually encountered in  the 
f ie ld .  I n i t i a l l y  i t  was planned to examine other loading cases but 
the amount o f tes t ing  required and lack o f time did not permit the 
use o f other than K0 loading conditions, (except.in two te s t  specimens,
T3 and T4, where iso trop ic  loading condition Was applied).
11.6.1 ^ -C onso lida tion
To achieve Kq consolidation in th is  chamber was a d i f f i c u l t  
task. A l o t  o f thought was spent in order to determine the best 
procedure and the easiest procedure. F i r s t  i t  was decided to adopt a 
la te ra l s tra in  ind ica to r s im ila r  to tha t described by Bishop and Henkel 
(1962) but using a l in e a r variable d i f fe re n t ia l  transformer (L.V.D.T..) 
instead o f the mercury column;. To fab rica te  the la te ra l  s tra in  in d ica to r  
a section o f a P.V.C pipe with a s l ig h t ly  la rger diameter than tha t 
o f the specimen was purchased read ily  from a local f i rm . A 200 mm 
section o f th is  pipe was cut lo n g itu d in a l ly  and the L.V.D.T was mounted
transversely across the s p l i t  ends o f the pipe. A fte r  formation o f 
the specimen th is  pipe would enclose around i t ,  and any la te ra l 
deformation o f the specimen would be indicated by the L.V.D.T. However 
the app lica tion  o f  th is  method proved to be laborious and resulted in
many technical d i f f i c u l t i e s  and hence i t  was abandoned.
Another procedure was adopted which was s im ila r  to tha t described 
by Davies and-Poulos (1963). The idea was tha t during v e r t ic a l 
compression o f the specimen the volume o f water around the specimen 
would be maintained constant by closing the la te ra l pressure valve.
Hence any la te ra l deformation in the specimen would be prevented by 
an increase in the water pressure around the specimen. In theory
th is  procedure was va lid  provided:-
a) Water was assumed to be re la t iv e ly  incompressible compared w ith 
the sand.
b) The outer cy linder was r ig id  enough, and
c) There was an absolute ly leak proof system around the specimen.
The deflexion o f the outer cy linder was checked by mounting a s tra in  
gauge ind ica to r a t the mid-height o f the cy linder and f i l l i n g  the 
cy linder w ith water and applying pressure. The deflexions measured 
were ne g lig ib le  ( *.001 mm) fo r  pressures up to 300 kpa. Assuming
the other two assumptions v a l id ,  i t  was decided to adopt th is  procedure.
To check the KQ values obtained by th is  procedure i t  was decided
to carry out standard KQ-consolidation tests as described in Bishop 
and Henkel (1962), d i f fe re n t  densities were tested, and d e ta i ls  o f 
the K0-consolidation tests and th e ir  resu lts  are presented in 
Section 12.6.
A fte r  the specimen was formed and the top cover placed in 
position and bolted against the top flange, the specimen was then 
v e r t ic a l ly  compressed by applying pressure to the pressure diaphragm 
beneath the specimen. Knowing the density o f the specimen in advance 
made i t  possible to determine the ^ -c o n s o lid a t io n  stress path. This 
helped to check tha t the stress path was in a true KQ cond it ion , and 
any deviations would ind ica te  tha t something went wrong and most 
presumably, leakage was observed from the top and bottom gaskets o f 
the chamber, th is  leakage would cause loss o f the la te ra l pressure.
In such cases th is  problem was solved by applying la te ra l pressure 
manually in  predetermined values according to the Kq value o f the 
specimen.
Where preconsolidated specimens were required, the v e r t ica l 
pressure was raised to a predetermined value and then lowered to 
a value so as to achieve a desired overconsolidation ra t io .
A fte r  the ^ -c o n s o lid a t io n  o f the specimen was completed, the 
boundary conditions fo r  the penetration te s t were selected.
For boundary condition B1 (constant horizontal and v e r t ic a l 
s tress ), the ve r t ic a l and horizontal stress valves were l e f t  open 
during penetration. As the penetrometer was driven in to  the chamber 
the water pressure in the chamber and in  the pressure diaphragm was 
maintained a t a constant value. I f  the specimen d ila ted  during 
penetration (as was the case with some very dense specimens) water 
flowed out o f  the chamber in to  the a i r  water cy linde r.
For boundary condition B3 (zero average la te ra l de f le c t io n ) 
the chamber valve was kept closed during penetration and as the 
penetrometer entered the sand specimen any tendency fo r  the specimen
to d i la te  la te r a l ly  was prevented by the water in the chamber.
Of the four possible boundary conditions fo r  penetration, the 
two extremes'are'B1 and B3. Chapman (1979) mentioned tha t a sand 
specimen in the f ie ld ,  i f  subjected to the same loading h is to ry  as 
a chamber specimeni would have a penetration resistance which would 
l i e  between the penetration resistance measured from B1 and B3 
boundary conditions. In the present research chamber tests were 
carried out using B1 boundary conditions because i t  was thought 
tha t th is  condition was more c lose ly re la ted to the f ie ld  than boundary 
condition B3.
11.7 SPECIMEN PREPARATION
The most important variable a ffec t ing  penetration resistance 
in sands is  re la t iv e  density. To investiga te  the penetration resistance 
o f  sands in the chamber, homogeneous and uniform sand specimens having 
a range o f reproducible densities were required. Density va r ia tions  
w ith in  the specimen needed to be kept as small as possible.
A review o f the methods used by others to form laboratory 
specimens o f sand was described in Chapter (8). Many methods have 
been used to produce specimens. Low density specimens have been 
produced by deposition o f sand under water. High and medium densities 
have been produced using hand compaction o f layers. The compaction 
method however tends to produce high la te ra l stresses in the specimen 
caused by compaction and density control is  also d i f f i c u l t .
As described in Chapter 8, p luv ia l compaction is  the name 
given to a method used to form sand specimens by ra in ing  sand in to  
a container. The p luv ia l compaction method provides a simple method 
o f forming uniform deposits o f sand in large q u a n t it ie s .  However
most o f the work carried out in forming sand specimens has been on 
dry sand and very l i t t l e  has been carried out o f saturated sand.
As a large number o f saturated specimens required fo r  th is  
pro ject a simple method had to be designed which would produce saturated 
specimens w ith uniform densities.
To produce saturated sand specimens fo r  standard laboratory 
tes ts , Bishop and Henkel (1962) suggested bo il in g  the sand in  water 
and then depositing i t  under de-aired water. The quan t it ies  o f sand 
used in th is  p ro jec t however were very large and a large volume o f 
de-aired water was required to deposit the sand in .  This prevented 
to fo llow  the procedure suggested by Bishop and Henkel (1962). Instead 
the fo llow ing method was adopted. A large sieve was designed having 
10 mm diameter holes d r i l le d  a t 30 mm x 30 mm g r id ,  and a sieve height 
o f 150 mm (Plate 11.15). The sieve was f ixed  w ith three cables by 
which i t  was l i f t e d  by the gantry during specimen formation. In choosing 
the hole diameters and th e i r  spacing, considerations were made o f  the 
sand p a r t ic le  size used and the time needed fo r  deposition. The 
diameter o f  the sieve was made s l ig h t ly  smaller then the diameter o f 
specimen so tha t i t  could be lowered in to  the specimen former.
To prepare the chamber fo r  f i l l i n g  w ith sand the rubber membrane 
needed to be stretched out and held in place during f i l l i n g .  This 
was achieved using the specimen former shown in Plate 11.16.
The former was made from 1.5 mm steel sheets. The sheets were 
ro l le d  c i rc u la r  to form two halves o f  an open ended cy l inde r. A series 
o f  hinges jo ined the two s p l i t  ends and two long pins were used to 
hold the two s p l i t  parts together. Four fee t were provided to the 
former. This helped the former to res t v e r t ic a l ly  on the angle r ing  
enclosing the v e r t ic a l part o f the angle r ing by about 10 mm. The
inside diameter o f the specimen former was supposed to be equal to 
the diameter o f the top platen plus the membrane thickness ( i . e  429 mm) 
However during fab r ica t io n  o f the former the diameter was measured 
as 437 mm.as opposed to 429 mm. This was not a lte red during the 
tes t ing  programme.
Before a specimen was prepared, the pressure diaphragm was 
adjusted and set a t about midway, o f i t s  maximum travel and i t s  height 
below the top o f  the angle ring  was measured. This se tt ing  was 
useful in la te r  stages where the specimen could be lowered or ra ised.
The rubber membrane was placed in pos it ion  around the angle 
r in g ,  followed by a rubber band which acted as a cushion to the 
Jubilee C lips. The membrane was then secured with an "0" r ing and 
two Jubilee Clips a f te r  being greased with s i l ico n e  grease in  order 
to obtain a be tte r g r ip .  Before tigh ten ing the Jubilee c l ip s ,  two 
re ta in ing  blades were placed fo r  each Jubilee c l ip s  under the screwing 
ends. The function o f the re ta in ing  blades was to press the membrane 
against the angle r ing .
The specimen former was then placed in pos it ion  with i t s  fe e t 
resting on the horizontal part o f  the angle r in g .  The rubber membrane 
was then l i f t e d  and stretched inside the former and the top end o f 
the membrane folded over the top o f  the former.
At th is  stage the empty weight o f the apparatus was measured.
This was required so tha t the bulk (saturated) weight o f the specimen 
could be calculated when the specimen was formed and the apparatus 
was weighed again. The weighing procedure included lowering the 
outer cy linder in to  position on top o f  the bottom plate a f te r  placing 
a rubber gasket between the bottom flange and the bottom p la te . The
bottom bolts and nuts were then tightened. Items which would be 
used to complete the preparation o f the specimen were also lowered 
in to  the empty former and cy l inde r. These included the top platen, 
two Jubilee c l ip s ,  one "0" ring and 4 re ta in ing  blades. The weighing 
o f the empty apparatus was than carried out by l i f t i n g  w ith the 
overhead gantry against a compression load ce l l  o f the s tra in  gauge 
type and a load ce ll  d ig i ta l  te s t  set. This setup was ca lib ra ted 
f i r s t  using a dead weight te s te r .  The accuracy o f th is  system was 
to the nearest 200 gm o f mass. Plate 11.17shows the system used fo r  
weighing the apparatus. The reasons fo r  weighting the whole chamber 
before and a f te r  preparation o f specimen fo r  purposes o f density 
measurements w i l l  be discussed in Section 12.4 .
A fte r  weighting the empty apparatus, the bottom bolts  and nuts
were unscrewed and the cy linder removed together w ith the other items 
weighed. The former with the membrane inside i t  was then f i l l e d  
about h a lf  way with water. Some time was allowed to check tha t the 
membrane was well sealed to the angle ring  by the Jubilee c l ip s .  The 
sieve was then lowered in to  the membrane by means o f the l i f t i n g  gantry 
u n t i l  i t  rested on the angle r ing .
The sand used in th is  p ro jec t was placed in a large container 
and soaked with water fo r  some time before the commencemant o f the
tes ts , and was also agitated continuously. This operation was thought
to help to remove some o f the a i r  entrapped in the sand. Using a 
hand scoop the sand was placed ca re fu l ly  in to  the sieve u n t i l  the 
sieve was f u l l .  This operation was carried out w ith the scoop f i l l e d  
with water and sand to ensure satu ra tion . The sieve was then raised 
slowly by a distance o f 15 cm which equalled the depth o f  the sieve.
The sand was hence allowed to sediment in water by i t s  own weight 
through the sieve holes. This operation took about 30 minutes. The 
sieve was then f i l l e d  again with sand and the procedure was repeated
u n t i l  the height o f the sand was about 50 mm below the top flange
level o f the outer cy linder or about 710 mm above the angle ring  flange. 
This height was measured using a th in  metric ru le r .  The sieve was 
then removed and the excess water was removed from the surface o f the 
specimen. Levelling o f the surface was then carried out very c a re fu l ly  
using a steel s t ra ig h t  edge and the top platen was gently placed on 
top o f the specimen using the overhead gantry. At th is  stage, the 
v e r t ica l d ia l gauge reading was recorded so tha t any amount o f  ra is ing  
or lowering o f the specimen could be measured and th is  was needed in 
determining the i n i t i a l  height o f the specimen.
The outer cy linder was then lowered in pos it ion  on top o f  the 
bottom p la te . A rubber gasket was placed between the cy linde r flange 
and the bottom p la te . The height o f the specimen and the top platen 
was then measured from four sides to make sure tha t the top platen was
le ve l.  Where th is  height was not correct or the platen was not
ho rizon ta l,  then the platen was removed by the overhead gantry and 
the height was corrected very gently by adding or removing sand.
At th is  stage a check had to be done to ensure tha t the top platen 
was in a correct pos it ion with the four re ta in ing  b o lt  holes coincid ing 
w ith the corresponding holes in the top cover. This was achieved by 
placing the top cover in posit ion on top o f  the cy linder flange a f te r  
placing a rubber gasket. I f  the holes did not coincide then the top 
platen had to be moved s l ig h t ly .  This procedure was also a f in a l  
check tha t the specimen height was approximately correct.
Now the top cover was removed and the rubber membrane pulled up 
over the edge o f the top platen and secured with an "0" r ing  and 
two Jubilee c l ip s .  The central hole in the platen was then sealed 
by means o f the central plug and tightened by the 4 Allen screws.
The top and bottom transducers were then checked and zeroed and
a small vacuum was applied to the specimen via the drainage tube a t
the bottom in order to make the specimen stable enough to enable the
specimen former to be removed. Some thought was made as to the best
means o f applying th is  suction. For some time th is  vacuum was applied
manually using a pressure control cy linder used in standard t r ia x ia l
apparatus. This method however proved to be very laborious, time
consuming and techn ica lly  d i f f i c u l t  because constant vacuum could
not be maintained. As an a lte rn a t ive  a vacuum pump was used which
proved to be very sa t is fa c to ry . The amount o f vacuum applied was
between 20 - 30 kN/m , and the vacuum a t the top o f the specimen was
2always lower by about 10 kN/m than tha t a t the bottom of the specimen 
because o f the d ifference in head o f water between the top and bottom 
o f the specimen. This vacuum appeared to be sa t is fa c to ry  and resulted 
in a stable specimen fo r  weighing and also afterwards removing the 
specimen former.
A period o f about 20 minutes was waited to allow the negative 
pore pressure caused by the suction to equalize w ith in  the specimen.
This was indicated by the top and bottom pressure transducers. The 
amount o f  water drained was then measured and the apparatus together 
w ith the specimen was weighed 'again by l i f t i n g  w ith the overhead gantry 
against the compression load c e l l .  Thus the bulk weight o f the specimen 
could be determined.
A fte r  weighing o f the specimen and while the vacuum was s t i l l  
on, the s p l i t  former was removed by l i f t i n g  the two re ta in ing  pins 
from the former. A f in a l  measurement o f the specimen height was 
made from four places and the chamber was f i l l e d  with water from the 
top. The top cover was then placed in position and before tigh ten ing 
the top bo lts  and nuts, the specimen was raised or lowered s l ig h t ly  
u n t i l  the top platen touched the top cover. The four re ta in ing  bolts 
were placed in pos it ion  and tightened gently u n t i l  the top platen 
and top cover sealed together. This operation was carried out s im ulta­
neously while ra is ing  the specimen so to avoid extension o f  the specimen.
The chamber was then fu r th e r  f i l l e d  with water from the Klinger 
valve a t the side o f the cy linder wall u n t i l  water flushed out o f 
the bleeding valve in the top cover. The bleeding valve was closed.
The lines connecting the ve r t ica l and horizontal pressure were 
connected and the transducers were zeroed and the specimen was ready 
fo r  consolidation.
The ve r t ica l d ia l gauge reading was taken and the v e r t ic a l 
compression o f the specimen commenced in increments o f 10 kpa.
The consolidation o f the specimen was continued along the desired 
stress path u n t i l  the mean consolidation pressure equalled the 
applied vacuum pressure. This was indicated by the top and bottom 
transducers connected to the specimen. The drainage valve was then 
opened and the consolidation o f the specimen fu r th e r  commenced in 
increments. A time o f about 20 minutes was allowed fo r  each increment 
o f pressure in order to allow fo r  complete consolidation o f the 
specimen. This was also indicated by the top and bottom transducers 
and also by the volume change measurements. At the end o f each increment
of pressure, readings were made o f the v e r t ica l compression, volume 
change burette and ve r t ica l and horizontal pressures.
For normally consolidated specimens, the ve r t ica l pressure was 
increased to the desired value and held constant. For overconsolidated 
specimens the ve r t ica l pressure was then reduced also by increments 
to give the desired degree o f overconsolidation.
A fte r  the desired consolidation stress path was completed, the 
drainage valve was closed and the central plug was removed and replaced 
by a s im ila r  plug provided with a hole s l ig h t ly  larger than the 
diameter o f  the penetrometer ( i . e .  22 mm).
At th is  stage a simple exercise was carried out in  order to 
increase the saturation o f the sp e c im e n ^ . Water was allowed to 
percolate and flow through the specimen from the drainage tube a t 
the bottom o f the specimen and f lush  from the top plug. The top 
plug was f i t t e d  temporarily w ith a porous disc a t i t s  bottom, and 
at i t s  top a rubber cork w ith f le x ib le  tubing was f i t t e d .  This allowed 
the co lle c t io n  o f water flushed out. I t  was thought tha t th is  procedure 
would r id  some entrapped a i r  in the specimen. At the end o f  th is  
procedure, the drainage valve was closed and the porous disc removed 
from the plug and the plug placed back in to  pos it ion  and tightened 
by the four A llen screws.
When not in use the penetrometer was always kept under de-aired 
water in  a bucket. At the time o f tes t ing  i t  was removed qu ick ly  
and placed in to  the central hole. Plate 11.18 shows the chamber 
f u l l y  assembled. , . . r  ■ -
(1) This procedure was carried out in Test T12 and the tests  which
followed.
PLATE 1 1 . 1 5 .  SIEVE USED IN PLUVIAL SEDIMENTATION OF 
SAND IN WATER.
PLATE 1 1 . 1 6 .  SPECIMEN SPLIT  FORMER.
PLATE 11.17. SYSTEM USED FOR WEIGHING THE APPARATUS AND 
SPECIMEN.
PLATE 11.18. CHAMBER FULLY ASSEMBLED.
Form A in Appendix V was used during preparation o f the 
specimen, and Form B was used during consolidation o f the specimen.
11.7.1 Procedure For Forming Denser Specimens
The procedure fo r  forming a specimen as described in the 
preceding section produced re la t iv e  densities (a f te r  pos it ion ing 
o f the top platen and the app lica tion  o f the stresses) between 
35% - 45%. I f  looser specimens were required then the sieve, a f te r  
being f i l l e d  w ith sand, was raised very slowly a t 2 cm increments. 
Relative densities achieved by th is  method and a f te r  pos it ion ing  o f 
the top platen and app lica tion  o f the stresses were less than 30%.
I f  however very dense specimens were required with re la t iv e  densities 
about 100% then the specimen was formed in three layers and each layer 
was vibrated fo r  a period o f 10 minutes using an e le c t r ic  poker v ib ra to r ,  
th is  procedure produced very homogeneous specimens. In case o f  medium 
dense to dense re la t iv e  densities then the same procedure was adopted 
fo r  the very dense specimens except tha t the time o f v ib ra t io n  was 
lowered. More de ta ils  o f the re la t iv e  densities achieved is  discussed 
in  Section 12.4.
11.8 TEST PROCEDURE
Before a penetration te s t  was commenced, the pressure contro ls  
and the pore pressure measuring system were checked. The transducer 
lead connexions were also checked. At th is  stage a simple te s t  was 
performed in  order to check tha t the system worked properly . A 100 mm 
compaction mould was f i l l e d  with saturated sand with a rubber cushion 
placed a t m id-height to prevent damage o f the penetrometer end and 
transducer during tes t ing . The mould was placed in a bucket f u l l  o f 
water, and by the aid o f a small hammer, the s t r ik in g  p la te  was h i t
and by th is  procedure the system was checked. The oscilloscope used 
was o f the storage type and f i t t e d  with a t r ig g e r  system which was 
very sensitive  to voltage changes; some a tten tion  was required to 
set the oscilloscope so tha t i t  would t r ig g e r  simultaneously as the 
weight h i t  the s t r ik in g  p la te . The chart recorder was set on and 
the paper r o l l  was checked together with the pens used. The m in i­
computer was operated and the pressure reading was noticed when the 
penetrometer was raised or lowered in a graduated cy linder f i l l e d  
with de-aired water. Where necessary the zero reading was adjusted 
from the a m p li f ie r .  The gain was also checked and adjusted.
When ready fo r  te s t in g ,  the penetrometer was removed from the 
bucket o f water and qu ick ly  placed in to  the central hole o f the plug. 
The hammer was placed on the s t r ik in g  p la te and the guide rod screwed 
in pos ition in the s t r ik in g  p la te . The s l id in g  l in k  was then lowered 
onto the guide rod u n t i l  the grab hooks closed against the c o l la r  o f 
the hammer.
During the tes t ing  operation, two persons were required. One 
would operate the t r i p  hammer by p u ll in g  the rope and l i f t i n g  the 
hammer u n t i l  i t  struck the s t r ik in g  p la te , he then would record the 
penetration. The second person would operate the oscilloscope, the 
chart recorder and the mini-computer. He would also record the re su lts  
on these systems and take a photograph o f the oscilloscope screen 
a f te r  each blow. In Plate 11.19 the complete penetrometer system 
is  shown in pos it ion  and ready fo r  penetration tes t ing .
At the end o f the tes t ing  period, the ve r t ic a l and horizonta l 
pressures were decreased and: the penetrometer was pulled out and placed 
in water. The top cover was then removed and the chamber water 
drained. The top platen was then removed and the sand removed by 
the hand scoop and placed in  the sand container. The outer cy l in d e r
was then removed and the base o f the chamber cleaned and made ready 
fo r  another te s t .
As experience was gained in the operating the chamber sand 
preparation and tes t ing  procedure, the work became easier and the 
tes t ing  programme was then organized. In Table 11.2 the average 
periods required fo r  a complete te s t  are l is te d  these are approximate 
periods and meant to be as a guide only.
TABLE 11.2
Operation Working day
Chamber preparation 1
Specimen formation 2
Specimen consolidation 1
Penetration tes t ing  1
Specimen removal 1
Forms C and D in Appendix V were used during penetration te s t in g .
PLATE 11 1 9 .  PENETROMETER SYSTEM IN POSITION 
AND READY FOR TESTING.
CHAPTER 12
EXPERIMENTAL WORK
12.1 INTRODUCTION
The sand used during the course o f th is  inves tiga tion  was a 
Leighton Buzzard f in e  sand with p a r t ic le  size between meshes 100-200 
sieves. I t  was re ad ily  ava ilab le  in the so i l  mechanics laboratory.
As th is  sand was a f in e  sand, i t  was decided to purchase another sand 
with coarse p a rt ic les  thus enabling the inves tiga tion  to be carried 
out ( i f  time allowed) on two sands with a wide gap between th e ir  
p a r t ic le  sizes. Hence a prelim inary survey was carried out on the 
sands ava ilab le  lo c a l ly .  Two o f the local sand quarries were v is i te d  
(Albury and Ripley quarries in Surrey) and samples were co llected and 
brought to the laboratory. Another sample from Woolwich Green quarries 
in Reading was ordered. P a rt ic le  size d is t r ib u t io n  tests were performed 
on a l l  the sands, and the resu lts  o f the sieve analyses are shown in 
Fig. 12.1. Leighton Buzzard sand and the Woolwich Green sand were 
chosen fo r  the experiments because o f the extreme ends o f  th e i r  p a r t ic le  
sizes. The major part o f the study however was carried out on the 
Leighton Buzzard sand and the time was very short to study the Woolwich 
Green sand. Hence only some c la s s i f ic a t io n  tests were performed and 
only one penetration te s t  was performed on th is  sand. Work however 
is  s t i l l  continued on the Woolwich Green sand by another worker.
12.2 CHARACTERISTICS OF THE LEIGHTON BUZZARD SAND
The Leighton Buzzard sand was a subangular uniform f in e  quartz 
sand w ith p a r t ic le  size d is t r ib u t io n  as shown in Fig. 12.1. An e lectron 
scan microscope was used to enlarge a representative sample o f the 
sand by 150 magnitudes as shown in Plate 12.1. The sand had a mean
p a r t ic le  size (D^q) o f 0.09 mm and the c o e f f ic ie n t  o f un ifo rm ity  
Cu = D60/D10 = 1.54.
The spe c if ic  g rav ity  o f the sand pa rt ic les  was determined 
according to BS 1377: 1975, using the method fo r  f ine-gra ined s o i ls .  
Two samples were tested and both gave the same re s u lt  o f  2.65.
12.3 MAXIMUM AND MINIMUM DRY DENSITIES
There are many methods o f measuring the maximum and minimum 
densities o f  sands as discussed by Kolbuszweski, 1948 Dahl berg 1975, 
and others.
Several methods were used in the present research to determine 
the maximum and minimum dens it ies . Some o f the methods were standard 
ones and others non-standard. Table 12.1 shows the resu lts  obtained 
by some o f the methods used.
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PLATE 1 2 . 1 .  LEIGHTON BUZZARD SAND PARTICLES ENLARGED 
BY 150 MAGNITUDES BY ELECTRON MICROSCOPE.
TABLE 12.1
MAXIMUM AND MINIMUM DENSITIES 
(LEIGHTON BUZZARD SAND)
Method
Maximum density
o
dry density Mg/m
BS 1377:1975 Test 14 1.620
Akroyd 1957 Test I l l . i i 1.654
Minimum density
ASTM. D2049 1,330
ASTM. D2049 with zero height o f 
pouring sand
1.320
Akroyd 1957 Test I l l . I . i i 1.350
Akroyd 1957 with cy linde r turned 
slowly
1.233
The maximum dry density used throughout the pro jec t was 1.654 Mg/m
3and the minimum density used was 1.330 Mg/m as given by ASTM D2049 
because i t  was a more standard method.
12.4 CHAMBER DENSITY TESTS
To determine the density o f a large specimen o f sand is  a 
d i f f i c u l t  problem. In smaller specimens as in the standard t r ia x ia l  
specimens, i t .  can be eas ily  weighed, co llected and placed in an oven 
fo r  drying, but w ith larger specimens, th is  procedure becomes more 
d i f f i c u l t  and not p ra c t ic a l ,  especia lly  i f  an oven dry specimen was 
to be saturated and the procedure repeated several times.
In the present p ro jec t i t  was decided to weigh the specimen 
together with the apparatus a f te r  being prepared as described in 
Section 11.7. In th is  condition the specimen would be in a saturated 
condition. Knowing the bulk density o f the specimen, the void ra t io s ,  
dry densities and the re la t iv e  densities were calculated from the 
fo llow ing equations
Pb   12.1
D 1 + e
pd = ~ t L-  . . . . .  12.2
1 + e
Dr  = ■ P p iax  X Pd ~ PmlH  x 100  . 12.3
pd pmax pmin
where
Pb = bulk density o f specimen ( in  th is  case saturated)
Gg = sp e c if ic  g rav ity  o f pa rt ic les  
e = void ra t io
Pd = dry density o f the specimen 
Dp = re la t iv e  density o f the specimen 
Pmax = maximum dry density as determined in Section 12.3
Pmi*n = minimum dry density as determined in Section 12.3
An attempt was also made to determine the density o f the chamber 
specimen using the core cu tte r  technique. For th is  purpose a standard 
100 mm diameter core cu tte r  was fu r th e r  machined to have a wall thickness 
o f about 2 mm. The procedure was performed on two chamber specimens T8 
and T9 (see Table 12.6). In specimen T8, and a f te r  the penetration
te s t  was f in ished , the specimen was uncovered c a re fu l ly  and the cu tte r
was pushed very c a re fu l ly  in to  the specimen between the centre and 
the boundaries. A steel d o l ly  was used to push the c u tte r .  The c u tte r  
was then dug out o f the surrounding sand, care being taken to a llow
some sand to p ro jec t from the lower end o f the c u tte r .  The ends o f  the 
core were then trimmed f l a t  to the ends o f the cu tte r  by means o f a 
s t ra ig h t  edge. The sand specimen was then removed from the cu tte r  
and placed in  a t in  and dried in an oven. Three cores were recovered 
by th is  procedure a t d i f fe re n t  levels spaced equally through the 
height o f the large chamber specimen, and the average dry density was 
determined.
Specimen T9 was prepared and weighed but not tested. The top 
platen was then removed and the specimen exposed and three cores were 
recovered in the same procedure described. I t  is  to be noted tha t the 
two specimens (T8 and T9) were prepared in a loose way as described in 
Section 11.7, tha t is  to say the sieve was raised slowly in 15 cm 
increments and the sand was allowed to sediment in water.
In Table 12.2 a comparison is  shown between the densities 
obtained by the suggested procedure o f weighing the bulk saturated 
specimen and tha t using a th in  core c u tte r .
TABLE 12.2
COMPARISON BETWEEN DENSITY DETERMINATION 
OF THE CHAMBER SPECIMEN
Test Density Suggested procedure Core cu tte r  method
T8 Pd, Mg/m3 1.44 1.54
Dp 40 . 70
Pd, Mg/m3 1.41 1.52
T9 Dr / / 29 71
I t  is  c lear from Table 12.2, the core cu tte r  technique gave 
high density values, especia lly  i f  the specimens were formed loose, 
as i t  could not be p lausib le  to obtain re la t iv e  densities in  the 
region o f 70%. On the other hand densities obtained by the suggested 
method seem to be more r e a l is t i c .
In order to prove tha t the suggested method o f weighing the 
bulk (saturated) specimen together w ith the chamber was co rrec t, 
specimen T10 was co llected very ca re fu l ly  a f te r  the te s t and placed 
in large containers and oven dried in a large oven. The dry weight 
of the specimen was measured with an accurate balance and was found 
to be 135.95 kg. The calculated dry weight using equations 12.1 to 
12.3 was 134.63 kg, hence the discrepancy between these two figures 
was less than 1%. I t  was hence decided to adopt th is  method through­
out the p ro jec t. Furthermore the suggested method was also an easy 
one. The procedure o f weighing the specimen together w ith the 
apparatus is  described in Section 11.7).
Form A in Appendix V was used in the ca lcu la t ion  o f  the re la t iv e  
density o f the specimen before the penetration te s t .
12.5 CONSOLIDATED DRAINED TRIAXIAL TEST WITH VOLUME CHANGE MEASUREMENT
(LEIGHTON BUZZARD SAND)
To determine the value o f (p, four conventional consolidated 
drained t r ia x ia l  tests were performed on 38 mm diameter specimens.
Each specimen was prepared s im ila r  to the procedure described by 
Bishop and Henkel (1962) fo r  saturated cohesionless specimens. Thus, 
s u f f ic ie n t  sand was placed in a container and water was added to cover 
the sand. The mixture was then boiled with constant s t i r r in g  to remove 
trapped a i r .  The specimen was b u i l t  by placing the saturated sand w ith 
a spoon in the former which rested on the base o f the t r ia x ia l  c e l l .
The former consisted o f  a s p l i t  mould which enclosed the rubber 
membrane and the lower sealing "0" r ings . A small negative pore 
pressure was applied to give the specimen r i g i d i t y ,  by lowering the 
volume change burette . The s p l i t  mould was then removed and the 
height and diameter o f the specimen were measured. The te s t  was 
then carried out using the normal procedure.
The fourth  specimen was prepared denser than the f i r s t  three, 
by tapping gently around the sides o f  the former.
Deta ils o f the four tests are presented in Table 12.3. The
resu lt ing  stress s tra in  curves are presented in Fig. 12.2, and the
corresponding Mohr c irc le s  are shown in Fig. 12.3. The e f fe c t iv e
/
angle o f  in te rna l f r i c t io n  <f>, fo r  the f i r s t  three specimens
o 0
(pd = 1.43 Mg/m and Dp = 36%) is  approximately 37 and fo r  the fou rth
3 '  0denser specimen, (pd = 1.58 Mg/m and Dp = 80.7%), <f> is  about 42 .
These resu lts  show tha t there is  an increase in w ith an increase in
density. This is  in  accordance with the c lass ica l work o f  Bishop and
Eldin (1953) and more recently  Chapman (1979).
In Fig. 12.4, the e f fe c t ive  stress paths fo r  the fou r specimens 
are shown. The curves i l lu s t r a te  the successive states o f  stress in 
the specimens tested.
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Fig. 12.4 Stress Paths fo r  Consolidated Drained Tests
TABLE 12.3
DETAILS OF THE CONSOLIDATED DRAINED TESTS
Test 1 2 3 4
Dimensions o f specimen, mm 38 x 72 37.5 x 74 37.5 x 74 37.6 x 73.5
3I n i t i a l  dry density Mg/m 1.41 1 .45 1.43 1 .58
Dr , ( i n i t i a l ) ,  % 28.9 42.2 35.7 80.7
9
Cell pressure kN/m 350 400 500 500
9
Back pressure kN/m 300 300 300 300
12.6 Ko-CONSOLIDATION TESTS (LEIGHTON BUZZARD SAND)
The purpose o f conducting small scale laboratory t r ia x ia l  
tests under K0 or condition o f zero la te ra l s tra in  was to check the 
Kq values obtained from the large scale chamber tes ts .
Several methods have been used in the past to perform K0- 
consolidation tests (Bishop and Henkel 1962, Davis and Polous 1963 
Menzies 1976, Menzies, Sutton and Davies 1977, and Chapman 1979).
The apparatus used to conduct the K^-consolidation tests  is  
shown in  Plate 12.2. I t  comprised o f a 10 tonne t r ia x ia l  compression 
machine, a 100 mm diameter t r ia x ia l  c e l l ,  a proving r ing  o f an 
appropriate s e n s i t iv i t y  and range, a burette fo r  volume change 
measurement, a pressure transducer and a readout u n i t ,  a d ia l gauge 
(0.0001" per d iv .)»  a la te ra l s tra in  c a l l ip e r ,  and a ram pump fo r  
increasing the ce ll  pressure in a con tro lled  manner.
12.6.1 The Lateral Stra in C a ll ipe r
In order to maintain the condition of no la te ra l s tra in  during 
the te s t ,  i t  is  necessary to measure the la te ra l deformation w ith a 
high degree o f accuracy. Ind ica tion  of la te ra l s tra in  is  derived 
from the re la t iv e  movement o f two d iam etr ica l ly  opposed curved pads 
which bear l i g h t ly  on the surface o f the specimen. This movement is 
magnified by a fa c to r  o f two by a hinged ring  which embraces the 
specimen. This mechanism is called a la te ra l s tra in  c a l l ip e r .  The 
movement o f the free ends o f the c a l l ip e r  may be monitored by
a) A diaphragm enclosing a small quantity  o f mercury (Plate 12.4).
The movement is  magnified by the small bore (1 mm) o f the perspex 
tube in which the free surface o f the mercury moves. The reso lu tion  
in terms o f changes in diameter is  in the order o f 25 pm.
b) A submersible l in e a r variable d i f fe re n t ia l  transformer (LVDT).
The reso lu tion  o f the LVDT depends upon the reso lu tion o f the 
readout u n it .  Resolution in terms of changes o f the diameter is
in the order o f 1 yim (Menzies 1976, and Menzies, Sutton, and Davies 
1977). The output o f the LVDT can vary s ig n i f ic a n t ly  due to 
varia tions in temperature and input voltage i f  the correct precautions 
are not observed. A mercury la te ra l s tra in  c a l l ip e r  s im i la r  to 
tha t described by Bishop and Henkel 1962, was used in the present 
tes ts .
12.6.2 Specimen Preparation
The f i r s t  stage o f specimen preparation was to saturate the 
sand and the porous stones. This was done by b o il in g  in f re sh ly  
de-aired water. Plate 12.3 shows the preparation o f the 100 mm diameter 
cohesion!ess specimen. The rubber membrane was placed over the 
pedestal o f the t r ia x ia l  ce l l  and sealed with two "0" r ings . About
100 mm o f water was then run in to  the membrane from the pedestal and 
the porous stone placed on i t  taking care not to trap any a i r  beneath 
the porous stone. The s p l i t  mould was assembled around the membrane 
and the top o f the membrane was folded over the outside o f the s p l i t  
mould, while posit ion ing the extension piece (Plate 12.3) c e n tra l ly  
over the s p l i t  mould. When the extension piece was in p o s it io n , the 
top o f  the rubber membrane was ro l le d  up to cover the bottom o f the 
extension piece and sealed with an "0" r in g .  The rubber membrane and 
the extension piece were then f i l l e d  with de-aired water. The funnel 
was positioned over the extension piece such tha t the bottom o f the 
rubber tubing was submerged. With the rubber tube clamped, the funnel 
was then f i l l e d  with de-aired water.
The saturated sand was then transferred to the funnel and when 
i t  was f u l l ,  the rubber tube was unclamped allowing the sand to flow 
in to  the rubber membrane. Sedimentation was terminated when the level 
o f sand was well above the bottom o f the extension piece. I f  a dense
specimen was required, then the sand was campacted by tapping the s p l i t
mould in a systematic and regular manner.
The excess water in the extension piece was then siphoned out, 
and the membrane ro l le d  down over the outside o f the s p l i t  mould.
The extension piece was removed with care to avoid losing any sand.
The excess sand was struck o f f  level w ith the s p l i t  mould top and the
porous stone and top cap positioned on top o f the specimen and the 
rubber membrane ro l le d  up over them. The top o f the rubber membrane 
was then sealed with two "0" r ings.
A small negative pore pressure was applied to give the specimen 
r ig id i t y ,  by lowering the burette s u f f ic ie n t ly  to produce a negative 
pore pressure in the specimen.
The s p l i t  mould was then removed and the height and diameter 
o f the specimen measured.
The la te ra l s tra in  c a l l ip e r  was positioned at the mid-height o f 
the specimen and the pads were taped to the membrane in  order to 
stop the c a l l ip e r  from s lipp ing  down. Once the c a l l ip e r  was in  po s it io n , 
the mercury level in the perspex tube was adjusted to a su itab le  le ve l.  
Plate 12.4 shows a specimen f u l l y  prepared with c a l l ip e r  positioned a t 
m id-height.
The pedestal and specimen were transferred to the compression 
machine and the ce ll  top was placed over the specimen and the ce l l  
f i l l e d  with water and a very low ce l l  pressure applied to give some 
r i g i d i t y  to the specimen. Before s ta r t in g  the compression machine- 
i n i t i a l  readings o f the ce l l  pressure, proving r ing d ia l gauge, 
axia l deformation d ia l gauge, and the burette were taken. The ra te 
o f  s tra in  used was chosen to be slow enough (0.1 mm/min.) to a llow 
complete d iss ipa tion  o f excess pore pressures. During the te s t  
readings o f the ce ll  pressure, proving ring  d ia l gauge, ax ia l deforma­
t ion  d ia l gauge, and the burette were taken a t regular in te rv a ls .
The K0-consolidation stage was terminated when the ce ll  pressure
2reached about 1000 kN/m. The axia l stress was then reduced under 
no la te ra l s tra in  condition.
During the te s t ,  the K0-condition was con tro lled  by observing 
the mercury level in the perspex tube o f the c a l l ip e r  while the 
axia l load was being applied. As the mercury level began to move, 
the ce l l  pressure was adjusted to bring i t  back to i t s  o r ig in a l 
le ve l.
lO OOOKG STEf 
'MPRESSION TEST
PLATE 1 2 . 2 .  APPARATUS USED IN K0 CONSOLIDATION TESTS.
PLATE 12.3. PREPARATION OF A SATURATED SPECIMEN 
OF LEIGHTON BUZZARD SAND.
PLATE 12.4. A SPECIMEN FULLY PREPARED FOR 
KQ CONSOLIDATION TESTING.
12 .6 .3  K0-c o n s o l id a t io n  Test Results
In a l l ,  seven ^ -c o n s o lid a t io n  tests were conducted. The 
specimens were tested over a range o f dry densities from 1.417 Mg/m3
q
to 1.528 Mg/m . This corresponds to a re la t iv e  density range from 
31.3% to 66%.
Figures 12.5-12.11 show the graphs obtained from these te s ts , 
and the resu lts  o f the seven tests are summarized in Table 12.4.
Figure 12.12 shows the va r ia t ion  o f KQ with re la t iv e  density.
K0 varied from about 0.54 to 0.43 fo r  the range o f re la t iv e  densities 
tested and decreased with increasing re la t iv e  density. This is  expected 
since a loose specimen would tend to deform la te r a l ly  more eas ily  than 
a dense specimen'and hence to prevent la te ra l deformation, a higher 
la te ra l stress would be required. The resu lts  p lo tted  in  Fig. 12.12 
have the same trend as those presented in Bishop and El din (1953) 
and Chapman 1979.
Also p lo tted  in Fig. 12.12 are values o f Kq calculated from 
the formulae proposed by Jaky (1944) and Hendron (1963).
Kq = 1 - sin <}>    (Jaky 1944) 12.4
Ko =
_ 1 1 + /6 /8  - 3 / 6 / 8  sin (fr 
1 - V6/8 + 3 /6 /8  sin <f>
(Hendron 1963)   12.5
The K0 values calculated from equation 12.4 are lower than those 
measured from the KQ te s ts ,  and those calculated from equation 12.5 
are much lower than the measured values.
TABLE 12.4 
RESULTS OF K0 CONSOLIDATION TESTS
Test I n i t i a l  density Dd ( i n i t i a l )  K - value 
Mg/m3 K % 0
K1 1.417 31.3 0.525
K2 1.428 34.9 0.537
K3 1.431 36.0 0.479
K4 1.460 45.0 0.490
K5 1.482 52.3 0.478
K6 1.490 53.0 0.465
K7 1.528 66.0 0.439
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12.7 PENETRATION TESTING IN ROWE CELLS
As reported in Section 11.1, small scale dynamic penetration 
tests were carried out in a small set-up comprising of.two Rowe ce l ls  
f ixed together to form a so il  container 254 mm in diameter and 254 mm 
in height. The object o f the study was to f ind  out whether overconsolida­
t ion  o f the sand specimen would have an e f fe c t  on the penetration 
resistance. The system was designed and fabricated in the Department's 
workshop. A set o f  tests was carried out and the resu lts  were analyzed. 
Details o f the apparatus and the te s t  resu lts  are presented below.
12.7.1 Description Of The Rowe Cell
The Rowe ce ll  was o r ig in a l ly  developed a t Manchester Un ivers ity  
(Rowe and Barden 1966), as a consolidation apparatus. The basic form 
o f the ce l l  is  shown in Fig. 12.13. The ce ll  body is  254 mm in  diameter 
and 150 mm high, i t  is  machined from an aluminium bronze casting 
which is  re s is ta n t to corrosion. The base o f the ce l l  is  made o f 
steel and the cover is  aluminium fo r  ease o f handling. The base and 
cover are bolted to the flanges on the ce ll  a t e igh t po s it ions , an 
"0" r ing providing the seal a t the base, and the rubber loading jack 
(pressure diaphragm) providing the seal a t the cover.
A uniform load is  applied to the specimen by means o f water 
pressure acting on a convoluted rubber jack (pressure diaphragm) made 
from 1.8 mm th ick  rubber. A r ig id  top platen may be inserted between 
the jack and the specimen i f  equal s tra in  conditions are required.
A f le x ib le  platen and a uniform ly d is tr ib u te d  load o f fe r  the advantages 
o f lo ca liz in g  the e f fe c t  o f side f r i c t io n  and o f providing a greater 
knowledge o f  the to ta l stress acting on the major part o f  the specimen.
The ve r t ica l settlement is  measured a t the centre o f the specimen 
by means o f a sta in less steel spindle 9.5 mm diameter attached to the 
jack and passing out through the ce ll  cover to a su itab le  d ia l gauge. 
The spindle is  sealed through the centre o f  the rubber diaphragm o f 
the jack by means o f two washers. The housing in the c e l l  cover 
contains an "0" r ing which grips the spindle t ig h t ly  enough to prevent 
appreciable leakage but not so t ig h t ly  tha t the f r i c t io n  a ffec ts  the 
settlement readings. The d ia l gauge is  r ig id ly  supported from a bridge 
attached a t the edge o f the cover so tha t i t  is  free from the deflexion 
due to the d is to r t io n  o f the cover as the loading pressure is  changed.'
Rowe and Barden (1966) report tha t the side f r i c t io n  between the 
walls o f  the jack and the greased sides o f the ce l l  appears to cause 
very l i t t l e  load reduction on the specimen. The combined e f fe c t  o f 
side f r i c t io n  on the jack and on a clay specimen, 254 mm in diameter 
and 63 mm th ick  has been measured by to ta l stress transducers set 
both a t the edge and centre o f the ce l l  base. A fte r  a settlement o f 
5 mm, the measured reduction o f to ta l stress a t the edge o f  the base 
due to the combined side f r i c t io n  o f the jack and the clay specimen 
was less than 5%, with an average reduction across the en t ire  base o f 
less than 3%. S im ila r tests on specimens o f d i f fe re n t  thickness 
ind ica te tha t most o f the loss is  due to the side f r i c t io n  on the clay 
specimen ra ther than on the jack.
Pore pressures are measured a t ceramics cemented f lush in the 
base o f  the c e l l .  Each ceramic is  connected to a brass block housing 
an e le c t r ic  pressure transducer mounted on the ce ll  base.
In the case o f v e r t ic a l ,*f low , top drainage is  provided by a disc
7
o f saturated sintered bronze*placed between the specimen and the jack 
and th is  drain may be e ith e r f le x ib le  or r ig id  depending on whether
free o f  equal s tra in  is  required. The drainage o u t le t  is  via the centre 
o f the settlement spindle and a short length o f f le x ib le  tube leading 
to a Klinger valve a t the edge o f the ce l l  cover (Fig. 12.13). This 
top drain allows the surplus water between the top o f the specimen and
the jack to be driven out on f i r s t  app lica tion  o f a small bedding
pressure.
Water pressure is  applied to the jack o f  the ce ll  from a
pressure l in e  f i l l e d  with de-aired water and connected to a compensated
mercury pot system which is  described in Bishop & Henkel 1962.
12.7.2 Design Of Apparatus For Penetration Testing
The apparatus developed in the present study is  shown in 
Plate 12.5. I t  comprised o f two Rowe ce l ls  w ith the base and cover 
o f one ce ll  removed and i t s  body bolted to the other ce l l  by e ight 
bo lts ,  w ith a rubber gasket providing a seal between the two c e l ls .
The size o f  the two ce l ls  could hence accommodate specimen 254 mm 
in diameter and more than 210 mm high.
The two ce l ls  were then inverted with the rubber pressure 
diaphragm o f the f i r s t  ce l l  located a t the bottom o f the apparatus. 
Vertica l e f fe c t ive  stresses could then be provided from the bottom 
and penetration tes ting  could be performed from the top o f  the 
apparatus.
A top cover to the apparatus was designed and fabrica ted 
enabling penetration tes t ing  to be carried out through f iv e  holes 
d r i l le d  in i t .  The cover was made o f Aluminium A lloy  fo r  ease o f 
handling. I t  had a diameter o f 336 mm and a 25 mm thickness. Eight 
holes were d r i l le d  a t i t s  periphery in order to b o l t  i t  to the flange 
on the ce ll  body.
Five equid is tant holes were d r i l le d  in the top cover w ith 
one hole in the centre and the other four in a square pa ttern. The 
distance between the holes was 63.5 mm. The same distance was also 
maintained between the four peripheral holes and the ce l l  body. The 
holes were 15 mm in diameter and were threaded so tha t they could be 
sealed by bolts during consolidation o f the specimen. During a 
penetration te s t  a 13 mm inside diameter tube was screwed in to  the 
holes. The tube acted as a guide to the penetrometer. The length 
o f  th is  tube was 150 mm. (see Plate 12.5). Four legs were provided 
to the apparatus. These were made o f  ordinary steel and were 450 mm 
long and had 30 mm diameter. The space occupied by the four fee t 
was used fo r  mounting the ve r t ic a l d ia l gauge, also the connecting 
l in e  fo r  the v e r t ic a l pressure passed through th is  space.
12.7.3 The Penetrometer And The Drop Weight
The penetrometer is  shown in Plate 12.6. I t  was made o f 
s ta in less steel so l id  rod 10 mm in diameter, 450 mm long and having 
a 60° apex angle. The size was chosen a r b i t r a r i l y .  The penetrometer 
rod was screwed to a s t r ik e r  p la te .80. mm in diameter and 30 mm in 
thickness.
A guide rod 20 mm in  diameter and 250 mm in  length was screwed 
onto the other side o f the s t r ik in g  p la te.
The drop weight had a 4 kg mass and was also chosen a r b i t r a r i l y  
I t  had a central hole which enabled i t  to s l id e  on the guide rod f re e ly  
Another drop weight (shown in  Plate 12.6) was fabricated w ith a 1 kg 
mass but was not used. The 4 kg drop weight was l i f t e d  by hand and le t  
drop f re e ly  onto the s t r ik e r  p late during the tes ts .
Di
al
 G
au
ge
 
or 
Di
sp
la
ce
m
en
t 
Tr
an
sd
uc
er
CD
C
b ECO CD
• tn <D >- 
Q  CO
•o
CL
CD
GO
CLCL
CL
-Q
LL
CO
U)
CL
CD 0
a l.E
CDCD >*
00 CL 
C  CL I
CD
CD>
3
0>
CO
>
O ZJ 
u  CO o F
ig
. 
12
-1
3 
Ba
sic
 
Fo
rm
 
of 
the
 
Ro
we
 
Ce
ll 
( 
fro
m 
Ro
we
 
an
d 
Ba
rd
en
 
19
66
)
PLATE 12.5. PENETRATION TESTING IN TWO 
ROWE CELLS.
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PLATE 12.6. PENETROMETER AND DROP WEIGHTS USED IN 
TESTS IN THE TWO ROWE CELLS.
12.7.4 Specimen Preparation
, The specimen preparation was s im ila r  to the procedure used 
in preparation o f saturated sand specimen and described in  Bishop 
and Henkel 1962. The same procedure was also used in preparing the 
specimens fo r  the ^ -c o n s o lid a t io n  tests (Section 12.6.2).
The sand was f i r s t  saturated by bo il in g  in fre sh ly  de-aired 
water. With the top cover o f  the apparatus removed, the ce l l  was 
f i l l e d  w ith de-aired water. The glass funnel (see Plate 12.3) was 
then positioned over the ce l l  such tha t the bottom o f the rubber 
tubing was submerged in water. With the rubber tube clamped, the 
funnel was then f i l l e d  with de-aired water.
The saturated sand was then transferred to the funnel and 
when i t  was f u l l ,  the rubber tube was unclamped allowing the sand to 
flow in to  the c e l l . The height o f f a l l  o f  the sedimented sand was
kept constant by ra is ing  the funnel re g u la r ly ,  and when the level o f
the sand was well above the top o f the apparatus the sedimentation 
was terminated. I f  dense specimens were required then the sand was 
compacted by tapping the ce ll  wall in a systematic and regular manner.
The excess sand was then struck o f f  level w ith the ce ll  flange and the
top cover positioned on top o f the ce l l  and bolted accordingly. The 
specimen was then ready fo r  consolidation and te s t in g .
12.7.5 Stress Paths Followed During Consolidation and Penetration Testing
Programme
Because a Rowe ce ll  has a r ig id  wall then the consolidation 
path followed is  a KQ-cond ition  ( i ; e .  no la te ra l s tra in  cond it ion ).
As there are numerous stress paths and stress levels tha t a 
specimen can fo l lo w , i t  was necessary to ra t io n a l iz e  the tes t ing  
programme.
Two t r i a l  specimens were prepared o r ig in a l ly  in  order to master 
the technique and to make sure the system worked properly. At th is  
stage i t  was also decided to l i f t  the penetrometer weight by hand 
and le t  i t  drop f re e ly  instead o f devising a mechanical automatic 
t r i p  hammer. A height o f drop o f 50 mm was chosen by t r i a l  because 
i t  gave r e a l is t ic  penetrations per blow. I t  was also decided to 
count blows fo r  every 25 mm o f penetration as a standard measurement 
to allow comparison o f penetration
A fte r  making certa in  the apparatus functioned properly , four 
specimens were prepared a t re la t iv e  densities between 58 - 88%.
Each specimen was consolidated to ve r t ica l pressures o f 100, 300,
2 ? and 600 kN/m and then unloaded, to pressures o f 300 and 100 kN/m
re spec t ive ly . During each increment o f load or unload, the v e r t ic a l
d ia l reading was recorded. This stress path produced normally
consolidated and overconsolidated states o f stress w ith in  the same
specimen with overconsolidation ra t ios  o f 2 and 6 respective ly .
At each stage o f  loading and unloading, a penetration te s t  was performed.
The penetration te s t  was performed by f i r s t  undoing one o f  the 
f iv e  bolts which sealed the f iv e  holes in the top cover. Then the 
guide tube was screwed in to  the hole and the penetrometer placed in to  
pos it ion  in the guide tube.
Records were made o f the blow counts required to drive the
I
penetrometer 25 mm in to  the sand: using the 4 kg mass f a l l in g  f re e ly  
a distance o f 50 mm. The average blow count throughout the depth o f
the specimen was calcu lated. At the end o f the penetration, the 
penetrometer was removed and the hole replaced with another rod 
having the same size and shape as the penetrometer. This was done 
in order to prevent sand caving in the hole during la te r  stages o f 
the te s t .  The increase in the density o f the specimen due to d is ­
placement o f sand by an amount equal to the volume o f the penetro­
meter was assumed to be in s ig n i f ic a n t .
The same procedure was repeated a t each stage in the loading 
and unloading phase. Thus 5 penetration resu lts  were obtained from 
each te s t  specimen. At the end o f the te s t  the sand was co llec ted 
c a re fu l ly  and oven dried and i t s  dry weight measured.
12.7.6 Results Of Penetration Tests in The Rowe Cells
In Table 12.5 a summary o f  the four te s t  resu lts  are recorded. 
In column 1, the v e r t ica l e ffe c t ive  stress a t every stage o f loading 
and unloading is recorded. In column 2, the ve r t ica l d ia l reading 
is  recorded. In columns 3 and 4, the change in thickness corresponding 
to an increment o f ve r t ica l stress is  calcu lated. In column 5, the 
thickness o f  the specimen under the present e f fe c t ive  v e r t ic a l  pressure 
is  calcu lated. In column 6, the volume o f specimen a t each e f fe c t iv e  
v e r t ic a l stress is  calcu lated. In column 7, the dry density a t each 
e ffe c t ive  v e r t ic a l stress is  calculated by d iv id ing  the oven dry 
weight o f the specimen by the volumes calcu lated in  column 6. In 
column 8, the re la t iv e  densities o f the specimen a t each v e r t ic a l  
stress are calculated using equation 12.3. In column 9, the average 
blow count N in blows per 25 mm o f penetration is  recorded. This was 
calculated by taking the average throughout the height o f the specimen. 
In column 10, the overconsolidation ra t ios  (O.C.R.) a t d i f fe re n t
TABLE 12.5
PENETRATION TEST RESULTS IN 254 mm ROWE CELLS.
Test No. 1. D = 58 - 68% 
R
av Dial read Aread AH H, cm volume p d DR
N (ave.) OCR m
V
kN/m 1/1000" 1/1000" cm cm3 Mg/m3 % blow/25mm m2/MN 
x IQ '3
0 170 0 0 20.066 10167.5 1.445
100 04 166 .421 19.645 9954.3 1.475 58.4 1.0 1 . 96.70
969 201 .510 19.556 9909.2 1.482
200 938 232 .589 19.477 9869.1 1.488 61.1 2.0 1,
912 258 .655 19.411 9835.6 1.493
300 885 285 .724 19.342 9800.7 1.498 64.3 3.6 1 41.30
814 356 .904 19.162 9709.5 1.512
600 805 365 .927 19.139 9697.8 1.514 68.5 8.4 1 20.90
770 400 1.016 19.05 9652.7 1.521
300 805 365 0.927 19.139 9697.8 1.514 68.5 6.8 2 5.22
742 428 1.087 18.979 9616.7 1.527
100 805 365 0.927 19.139 9697.8 1.514 68.5 4.5 6 5.22
Test 1 
0 
100
No. 2.
900
730
726
Dr = 86 - 
0
174
88%
0
0.441
21.140 
20.700
10711.3
10487.8
1.556 
1.589
78.3
86.0 10.5 1 14.50
300
720
703
703 197 0.500 20.640 10457.9 1.594 87.1 22.6 1 11.20
600
692
679
678
678 222 0.563 20.580 10426.0 1.599 88.2 43.8 1 7.66
300
672
677 223 0.566 20.570 10424.5 1.599 88.2 26.2 2 2.43
100
679
685 215 0.546 20.600 10434.6 1.597 87.8 19.8 6 5.10
TABLE 12.5 co n t.
PENETRATION TEST RESULTS IN 254 mm ROWE CELLS
Test No. 3. D = 74 - 79%
R
Qv Dial Adial AH H,cm volume
2 3kN/m read reading cm cm
1/ 1000" 1/ 1000"
0 965 0 0 20.447 10360.63 1.511 67.5 - -
100 826 139 0.353 20.094 10181.77 1.537 74.0 4.80 1 37.30
300 774 191 0.485 19.962 10114.88 1.547 76.4 14.30 1 25.00
600 719 246 0.624 19.823 10044.45 1.558 79.0 36.50 1 20.20
300 718 247 0.627 19.820 10042.93 1.559 79.2 33.50 2 2.50
100 735 230 0.584 19.863 10064.72 1.555 78.2 16.16 6 10.00
Test No. -4. D = 79 - 82% 
R
0 100 0 0 21.126 10704.7 1.532 72.7
100 953 147 0.373 20.753 10515.7 1.559 79.1 6.83 1 15.40
300 928 172 0.436 20.690 10483.7 1.564 81.0 18.66 1 19.30
600 888 212 0.538 20.588 10432.1 1.572 82.1 37.83 1 17.00
300 889 211 0.535 20.591 10433.6 1.571 81.9 39.83 2 2.50r f\
100 898 202 0.513 20.613 10467.0 1.566 80.8 15.16 6 8.73
Pd D N(ave) OCR m 
R v
Mg/m^ % blows/25mm m^ /MN
x 10 '3
/
v e r t ic a l e f fe c t ive  stresses are recorded. And f in a l l y  in  column 11, 
the c o e f f ic ie n t  o f volume com press ib il ity , mv in m2/MN is  calculated 
by the procedure in Section (13.5.2).
12.8 CHAMBER TESTING PROGRAMME (LEIGHTON BUZZARD SAND)
To study some o f the factors a ffec t ing  dynamic penetration 
resistance o f  saturated Leighton Buzzard f in e  sand, a series o f  
penetration tests were carried out in the large t r ia x ia l  chamber. 
Penetration tes t ing  in  the Rowe ce l ls  were performed to support 
some of the resu lts  obtained in the large chamber.
The aim o f these tests was to study the e ffec ts  of. the fo llow ing  
variables on penetration resistance.
Specimen density.
Stress levels (ve r t ica l and horizontal stresses).
Stress h is to ry  (overconsolidation).
Compressib ility o f the specimen.
Pore water pressures generated during dynamic penetration.
As each chamber te s t  took 6 working days to complete, the 
number o f  tests carried out in the chamber was l im ite d  to some 
extent by the time ava ilab le , and because the apparatus and te s t  
technique had to be developed before the tes t ing  programme could 
commence.
The f i r s t  two tests were carried out i n i t i a l l y  to estab lish 
whether the apparatus worked properly and to show up any fa u l ts  
and leaks in  the apparatus. I t  became known however th a t there were 
many problems to solve in order to make the apparatus work properly . 
Some o f the fa u l ts  discovered were in the sealing o f the specimen
from the chamber c e l l .  The "0" rings a t the top and bottom o f the 
specimen did not function properly, because they were not t ig h t  enough. 
This problem was solved by using metal bands o f the Jubilee C lip  type 
instead o f the "0" r ings. Another fa u l t  observed was tha t the top 
platen "0" r ing did not squeeze properly against the top cover when 
ra is ing  the specimen, hence resu lt ing  in a very poor seal. This problem 
was solved by clamping the top platen t ig h t ly  against the underside 
o f the top cover by means o f four bolts which would p ro jec t up from 
the top platen through holes in the top cover, thus e f fe c t iv e ly  
sealing the ce ll  chamber.
Also noticed was tha t the specimen former did not stand stable 
v e r t ic a l ly  w ith the re s u lt  o f  t i l t i n g  o f the specimen to one side.
This problem was solved by providing four fee t to the former. This 
would help the former to re s t v e r t ic a l ly  on the angle r ing  thus enclos­
ing the ve r t ica l part o f the angle r ing by about 10 mm. Other problems 
and th e i r  respective solutions are discussed in more d e ta i l  in 
Chapter 11.
A fte r  the f i r s t  two t r i a l  tests were completed and the chamber 
and i t s  a n c i l la ry  equipment were function ing c o rre c t ly ,  the tes t ing  
programme was commenced.
The programme hence consisted o f specimens prepared a t  re la t iv e  
densities between 243M00%,-consolidated to predetermined stress paths 
and then tested. Many o f the specimens were normally consolidated, 
and others overconsolidated. Overconsolidation was achieved by loading 
a specimen to a given v e r t ic a l pressure and then reducing the v e r t ic a l  
stress to a lower le ve l.  In t o ta l ,  21 specimens were formed o f  the 
Leighton Buzzard sand and 1 te s t  only was conducted on the coarse 
Woolwich Green sand. The f i r s t  two tests were omitted because they
were t r i a l  tes ts . In tests T6 and T7, the specimens collapsed during 
l i f t i n g  o f the former, thus no resu lts  could be obtained.
During the consolidation stage, K0 stress paths were followed
fo r  most o f the tests as described in Section 11.6.1. In tests
T3 and T4 however, iso tro p ic  consolidation was applied. During 
the penetration tes ting  a l l  the specimens were tested under B1 
condition i . e .  constant v e r t ic a l and horizontal stress (see Section 
11 . 6 ).  '
Since there were numerous possible stress paths tha t th is  study
could cover and which would require an enormous amount o f  te s t in g ,
some ra t io n a l iz a t io n  o f the tes t ing  programme was required.
The maximum amount o f overconsolidation tha t could be achieved 
was determined by the design o f the chamber (see Section 11.2.5).
For higher v e r t ic a l pressures, the loading frame described In Appendix 
( I I I )  was to be used but lack o f  time did not allow the use o f 
higher pressures. Hence the maximum v e r t ic a l stress tha t could be 
imposed on a specimen was about 500 kN/m^. The minimum v e r t ic a l  
stress used was 50 kN/m and th is  gave an overconsolidation ra t io  
(O.C.R.) o f 10. In the actual tes t ing  programme a maximum O.C.R. 
o f 5 was reached and time did not allow the tes t ing  o f specimens 
with higher O.C.R.
I t  is  apparent tha t a given O.C.R. can be achieved in a number 
o f ways. For example an O.C.R. o f 3 could be obtained by loading
p 2
to 600 kN/m and then reducing the ve r t ica l stress to 200 kN/m 
or loading to 300 kN/m^ then reducing to 100 kN/m^ and so on. To carry 
out penetration tests on overconsolidated specimen produced by the 
many possible stress paths would have required an enormous amount o f
te s t in g . Hence some ra t io n a l iz a t io n  o f the tes t ing  programme was 
also required.
To study the e ffec ts  o f overconsolidation on penetration 
resistance, four specimens were tested using overconsolidation ra t ios  
o f 2, 4 and 5. This number was not enough however to give a sa t is fa c to ry  
p ic tu re  o f the e ffec ts  o f overconsolidation. The resu lts  o f 
penetration tests in the Rowe ce lls  are presented to give a 
supplementary study on the e f fe c t  o f overconsolidation on penetration 
resistance.
The resu lts  from the Rowe ce lls  were also analysed to study 
the com press ib il ity  o f the specimen and whether the com press ib il ity  
is  re f lec ted  in the penetration resistance o f  the specimen.
To study fu r th e r  the e f fe c t  o f la te ra l stress on penetration 
resistance, one te s t  (T18) was carried out while varying the magnitude 
o f la te ra l stresses during the te s t .
Table 12.6 l i s t s  the tests carried out in the programme. The 
stress path followed during consolidation is  l is te d  in  column 2.
The procedure in achieving the KQ-consolidation is  described in 
Section 11.6.1. In column 3, the overconsolidation ra t io  achieved 
during the consolidation stress paths are l is te d .  The re la t iv e  
density o f the specimens before the penetration tests are l is te d  
in  column 4. The re la t iv e  densities were calculated as described 
in Section 12.4. The ve r t ica l and horizontal stresses achieved a t 
the end o f the consolidation phase are l is te d  in columns 5 and 6.
And f i n a l l y  the average penetration in cm/blow throughout the specimen 
depth are l is te d  in column 7.
TABLE 1 2 .6
SUMMARY OF TEST RESULTS IN  THE LARGE CHAMBER
Test No. consol id .  
type
OCR R e l. Dens. 
before 
te s t
%
0v 2 
kN/m
0H 2 
kN/m
av.
penet. 
per. blow 
cm/blow
Remarks
T3 is o tro p ic 1 43 88 100 1.54
T4 is o tro p ic 1 38 89 102 1.68
T5
T6
T7
Ko 1 48
46
W 1)
(79)
9 6 ^ )
(45)
1.67
co llapse  o f  
specimen
It
T8 Ko 1 40 264 118 1.26
T9 41. pd de te rm ina tion
T10 Ko 1 24 62 32 liq u e fa c t io n
T il Ko 1 75 61 30 1.03
T12 Ko 5 42 53 45 4.57
T13 Ko 5 100 62 40 0.69
T14 Ko 1 40 200 118 1.10
T15 Ko 4 40 50 64 3.17
T16 Ko 2 41 50 41 5.80
T17 Ko 1 27 60 30 liq u e fa c t io n
T18 Ko 1 60 v a ria b le
T19 Ko 1 93 60 24 0.83
T20 Ko 1 33 50 30 liq u e fa c t io n
T21 Ko 1 42 50 30 6.10
Woolwich Green sand
T22 Ko 1 42 60 30 6.60
(1) Pressure dropped a t end o f  pe ne tra tion  te s t.
12.9 PENETRATION TEST RESULTS
The re su lt ing  penetration resistance versus depth graphs fo r  
the chamber tests are shown in Figures 12.14 - 12.30. The ordinate 
is  drawn as the depth in the specimen with the zero depth s ta r t in g  
immediately underneath o f the top platen. The abscissa represents 
the penetration in terms o f penetration depth per each blow o f the 
hammer. The penetration o f each blow was calculated by subtracting 
from i t  the penetration o f the previous blow. From these graphs 
several trends became ev ident:-
The boundary conditions a t the top and bottom o f the specimen 
have an influence on the penetration resistance. The top platen 
imposed a r ig id  top boundary on the specimen and the pressure 
diaphragm has imposed a f le x ib le  bottom boundary on the specimen.
In order to study the un ifo rm ity  o f penetration versus depth p lo ts ,  
Table 12.7 was prepared to show the penetration trend fo r  each te s t .  
The penetration trends were divided in to  four classes namely, f a i r l y  
uniform, uniform, non uniform and those tests in which l iq u e fa c t io n  
phenomena occurred.
The specimen density and the stress leve ls had an e f fe c t  on 
the penetration p lo ts .  The smoothest p lo ts were produced by the 
dense specimens and those placed loosely but tested under high 
confin ing pressures (Figures 12.14, 12.15, 12.16, 12.17, 12.19, 12.21, 
12.22, 12.27).
The loosest specimens which were tested under low confin ing 
pressures produced non-uniform p lo ts , (Figures 12.20, 12.23, 12.24, 
12.29, 12.30). These p lo ts show a reduction in  penetration resistance 
in  the centre o f the specimen. This non-uniform ity in the p lo ts  is  
thought to have resulted from the generation o f pos it ive  pore water
pressures during dynamic penetration. The pore water pressures 
generated are very sensitive  to the density o f the specimen as a 
whole and to density changes w ith in  the specimen resu lt ing  from 
specimen preparation. Hence in loose specimens under low confining 
pressures certa in  blow counts have produced higher pos it ive  pore 
pressures than others, w ith the re su lt  o f  local l ique fac tio n  occurring 
in the specimen, and hence large penetration occurring. But when 
the loose specimens were confined under high e f fe c t ive  stresses 
such a local l ique fac tion  could not occur because o f such high 
e f fe c t iv e  stresses, and hence more uniform blow counts would be 
an tic ipa ted. In dense specimens on the other hand d i la t io n  would 
occur during penetration and hence negative pore water pressures 
would be generated with the re s u lt  o f increasing the in te rg ranu la r 
stresses and the resu lt ing  blow counts would be more uniform.
i
Details o f  pore water pressures generated during dynamic penetration 
are discussed in de ta il in Chapter 14.
To allow a more ra tiona l analysis o f the factors a f fe c t in g  the 
penetration resistance o f the specimens tested to be carr ied  out, i t  
was decided to use fo r  analysis the average o f blows per 162 mm o f 
penetration over the whole depth o f the specimen. This penetration 
corresponded to the 300 mm in the standard penetration te s t  (see 
Section 11.3.1).
In Table 12.8 a l l  the te s t  resu lts  are reorganized to show 
the mean normal stress (0m) and also the average penetration 
resistance in blows/162 mm o f penetration.
TABLE 12.7 
PENETRATION TREND IN THE TESTS
Test
No.
Stress levels 
av ’ aH 
kN/m2
Relative
density
%
Penetration 
trend i  n 
f igures
T3 8 8 , 100 43 f a i r l y  uniform
T4 8 9 , 102 38 n n
T5 178, 96 48 n II
T8 264, 118 40 uniform
T10 62, 32 24' 1iquefaction
T i l 61, 30 75 uniform
T12 53, 45 41.8 non-uniform
T13 62, 40 100 uniform
T14 200, 118 40 ii
T15 50, 64 40 non-uniform
T16 50, 41 41 n ii
T17 60, 30 27 l ique fac tio n
T19 60, 24 93 uniform
T20 50, 30 33 liq u e fa c t io n
T21 50, 30 42 non-uniform
T22 60, 30 42 non-uniform Woolwich Green
sand
TABLE 12.8
SUMMARY OF TEST RESULTS TO SHOW a , a , AND aMEAM
V H
rest
>lo
D
R
%
av
kN/m2
aH
kN/m2
amean
kN/m2
ave.
penetration
cm/blow
av.
penet.
re s is t .
blows/162
OCR
mm
Remark
T3 43 100 100 100 1.54 10.52 1
T4 38 100 102 100 1.4 11.57 1
T5 40 178 96 123 1.67 9.70 1
T8 40 264 118 166 1.264 12.86 1
T12 41.8 53 45 47 4.57 3.54 5
T14 40 200 118 145 1.10 14.73
T15 40 50 64 59 3.17 5.11 4
T16 41 50 41 44 5.80 2.79 2
T21 42 50 30 37 6.1 2.5
T i l 75 ,61 30 40 1.034 1
T13 100 62 40 47 0.69
T19 93 60 24 36 0.83 1
T18 40 60 50 53 5.3 3.06
60 80 73 2.96 5.47 1 va r ia t io n  o f
la te ra l
60 n o 93 1.55 10.45 1 stresses
during the
60 140 113 1.26 12.86 1 te s t .
T22 42 60 30 40 - 6.6 2 1 Woolwich
Green sand
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Fig .12.23 Penetration test result. Spec. T15
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CHAPTER 13
. ANALYSIS OF PENETRATION TEST RESULTS
13.1 INTRODUCTION
This chapter sets out the analysis o f the resu lts  obtained 
from the 20 penetration tests conducted in  the c a l ib ra t io n  chamber.
Also presented are resu lts  obtained from the penetration tests 
carried out in the Rowe c e l ls .
The influence o f v e r t ic a l stress on penetration resistance is  
presented in Section 13.2. In Section 13.3 the influence o f  la te ra l  
stress on penetration resistance is  presented. In Section 13.4, the 
influence o f mean normal stress on penetration resistance is  presented.
Analysis o f the resu lts  obtained from the Rowe c e l ls  is  presented 
in Section 13.5 in two parts. F i r s t  the re la t ionsh ip  between penetra­
t io n  resistance, ve r t ica l e f fe c t ive  stress and re la t iv e  density is  
presented and second, the re la t ionsh ip  between penetration resistance 
and com press ib il ity  is  presented.
F in a l ly  the influence o f overconsolidation on penetration 
resistance is  presented in Section 13.6. Results from both the 
c a l ib ra t io n  chamber and the Rowe ce l ls  are discussed.
13.2 INFLUENCE OF VERTICAL STRESS ON PENETRATION RESISTANCE
The penetration resistances in blows/162 mm in the chamber 
tests fo r  specimens with DR = 38 - 50% are shown p lo tted  against 
the e f fe c t ive  ve r t ica l stress (av) in Fig. 13.1. The points 
include normally consolidated and overconsolidated tes ts .  The data 
show a non-linear re la t ionsh ip  between penetration resistance and 
ve r t ica l e f fe c t ivo  stress. Also p lo tted  in Fig. 13.1 are re su lts
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from specimens with higher densities (DR = 75 - 100%). These resu lts  
ind ica te  as expected tha t the penetration resistance increase with increas­
ing o f  the specimen density. I t  is  also noticed in Fig. 13.1 tha t there 
is  a large scatter in the po ints. This scatter is  thought to have 
resulted from the e ffec ts  o f la te ra l stresses, the consolidation 
type and overconsolidation on the penetration resistance. Test 
specimens T3 and T4 were consolidated is o t ro p ic a l ly  w ith the ve r t ica l 
e f fe c t iv e  stress equal to the horizontal e ffe c t ive  stress. The re s t 
o f the te s t  specimens were K0-consolidated and te s t  specimens T12,
T15, and T16 were overconsolidated by f i r s t  increasing the v e r t ic a l 
stress acting on the specimen, while keeping the specimen under 
conditions o f zero la te ra l s tra in  (K0 ) and then reducing the v e r t ic a l 
stress to a lower value while s t i l l ’ maintaining zero la te ra l s t ra in .
But many d i f f i c u l t i e s  were an tic ipated in try in g  to achieve th is  
K0-stress path and th is  is  discussed in  Section 11.6.1. For these 
reasons the resu lt ing  K^-stress paths were only approximate. The 
resu lt ing  horizontal e f fe c t ive  stresses from such tests vary from 
te s t  to te s t  and hence have a n o t ic ib le  e f fe c t  on the penetration 
resistance.
The non-linear re la t ionsh ip  observed between the penetration 
resistance and the ve r t ica l stresses agrees well w ith the resu lts  
reported by B e l lo t t i . e t  al (1979) and Baldi e t al (1981). The 
la t te r  work however was carried out on qu a s i-s ta t ic  penetration.
The c lass ica l work o f Gibbs and Holtz (1957) and the work 
carried out a t the Waterways Experiment Station (WES) and reported 
in Marcuson and Bieganousky (1977 a,b) and Bieganousky and Marcuson 
(1976, 1977) also show a non-linear re la t ionsh ip  between SPT blow 
counts and the ve r t ica l e f fe c t ive  stresses.
This non-linear re la t ionsh ip  between penetration resistance 
and v e r t ic a l e f fe c t ive  stresses has been a tt r ib u te d  by many workers 
(Veismanis (1974) Schmertmann (1977) B e l lo t t i  e t al (1979) and 
Baldi e t al (1981)) to an extensive crushing o f the sand grains.
On the other hand B e l lo t t i  e t al (1979) and Baldi e t al (1981) 
explain th is  phenomenon by the theory o f the expanding cav ity  fo r  
modelling the cone resistance o f  materia ls which have curved 
strength envelopes even in the case o f sand which does not crush. 
This theory is  explained in de ta il in Vesic (1973), Al-Awkati (1975) 
and Baligh (1976).
In the case o f dynamic penetration, the former explanation
may be more true because the sand grains receive a more severe
impact thus subjecting them to crushing. This may be espec ia lly
true when the sand is  under high confin ing pressures. For example
2i t  may be observed in Fig. 13.1 tha t a t pressures above 200 kN/m , 
the rate o f increase in penetration resistance is  decreased, which 
may explain tha t fa i lu re  has occurred due to crushing o f the sand 
grains. Any fu r th e r  increase in pressure w i l l  not a f fe c t  much on 
the penetration resistance.
13.3 INFLUENCE OF LATERAL STRESS ON PENETRATION RESISTANCE
The re la t ionsh ip  between the penetration resistance and thel
la te ra l e ffe c t ive  stress acting on the specimen boundary is  shown 
in Fig. 13.2. The points also represents te s t  specimens w ith 
Dr = 38 - 50%.
The data also show a non-linear re la t ionsh ip  between the 
penetration resistance and the horizontal e ffe c t ive  s tress. The 
shape however is  concave upwards and the work o f B e l lo t t i  e t al
(1979) and Baldi e t al (1981) show the curve having a concave down­
ward shape. To resolve th is  question i t  seems fu r th e r  tes t ing  is 
required.
I t  is  also noticed tha t the sca tte r o f points is  much lower 
than tha t in Fig. 13.1. This points out the s ign if icance o f  the 
la te ra l stresses and th e i r  important ro le  in c o n tro l l in g  penetration 
te s t  re su lts .
To i l lu s t r a te  fu r th e r  the influence o f the la te ra l stress on 
the penetration resistance specimen T18 was prepared to a re la t iv e  
density o f about 40% and then tested while increasing the la te ra l
0 o
stress during the te s t  from 50 kN/m to 140 kN/nr and keeping the
■ ? v e r t ica l stress constant a t 60 kN/m . Hence the te s t  was performed
in four stages (with each stage about 16 cm o f penetration) a f te r
each o f which the la te ra l stress was increased by 30 kN/m^. The
resu lts  o f the penetration te s t  are shown in Fig. 12.26.
The change in re la t iv e  density re su lt ing  from increasing o f 
the la te ra l stress during the te s t  was not calculated because o f 
the d i f f i c u l t y  o f measuring the corresponding volume change as the 
central hole in the top cover was open and the expelled water could 
not be co llec ted . This correction was hence neglected and the 
specimen density was assumed not to change during the four stages o f 
the te s t .
The resu lts  o f the penetration te s t are shown in Fig. 12.26.
I t  can be seen tha t lower resistance to penetration was encountered 
a t low horizontal stresses, w ith a larger sca tte r o f  the po in ts .
The sca tte r is  thought to have resulted from differences in  the pore 
water pressures generated from the d i f fe re n t  blows. In the f i r s t  and 
second stages o f the te s t ,  b o i l in g  o f the sand was observed from the
cen tra l hole in the top cover. This was in d ica t ive  o f high pos it ive  
pore pressures developed at some blows and hence local l ique fac t io n  
occurring.
At higher horizontal stresses, the resistance to penetration
i
increased and the data points show a be tte r un ifo rm ity . This is
ind ica t ive  o f uniform pore water pressures generated from the 
blows, hence the uniform resistance to penetration.
The re la t ionsh ip  between the various horizontal stresses and 
the penetration resistances fo r  te s t  T18 is  shown in Fig. 13.3.
The data show a l in e a r  increase in  the penetration resistance due 
to the increase in the horizontal stresses. Doubling the horizontal 
stresses from 60 kN/m^ to 120 kN/m^ would re s u lt  in 2.75 times an 
increase in the corresponding penetration resistance.
To determine in a s im ila r  manner the e f fe c t  o f the v e r t ic a l  
stress on the penetration resistance while maintaining the horizonta l 
stress constant would have been an in te res ting  te s t in  order to 
determine whether i t  is  the v e r t ic a l stress or the horizontal stress 
which influences the cone resistance the most. But due to lack o f 
time such a tes t was not performed.
A comparison however can be made between the resu lts  in  Fig. 13.3
and Fig. 13.1, and keeping in mind tha t the horizontal stresses in
Fig. 13.1 were not constant but increased with increasing v e r t ic a l
? 2stresses. Now doubling the ve r t ica l stress from 60 kN/m to 120 kN/m 
would re su lt  2 times an increase in the corresponding penetration 
resistance. I f  however the horizontal stresses were kept constant in 
the tests in Fig. 13.1 then the increase in the penetration resistance 
would have been lower. Also shown in Fig. 13.3, are the re su lts  
( in  dotted l in e )  from Fig. 13.2. I t  is  surpris ing  to observe the
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two curves are very close. This also suggests tha t the ve r t ica l 
e f fe c t ive  stress had a . l im i te d  influence on the penetration 
resistance in  the tests in Fig. 13.2.
These evidences therefore may suggest tha t the horizontal 
stress has the co n tro l l in g  influence on penetration resistance.
The importance o f the la te ra l stresses is  reported in the 
work o f Al-Awkati (1969, 1975), Schmertmann (1971, 1972, 1974, 1978, 
1979) and others. I t  is  also explained thoroughly in Section 9.2 .
13.4 INFLUENCE OF MEAN NORMAL STRESS ON PENETRATION RESISTANCE
I t  would seem log ica l tha t both the la te ra l and v e r t ic a l  stresses 
have an influence on the penetration resistance, and both are important. 
Fig. 13.4 shows the penetration resistance p lo tted  against the mean 
normal stress (am), where °m = 1  (av + 2 aH). The data are also fo r  
a l l  te s t  specimens with -  38 - 50%.
I t  is  in te res ting  to note from Fig. 13.4 tha t the re la t io n sh ip  
between penetration resistance and the mean normal stress seems to be 
l in e a r .  Doubling the mean normal stress would re s u lt  in  2.2 times an 
increase in the corresponding penetration resistance. This suggests 
tha t the horizontal stress has a dominating e f fe c t  on the penetration 
resistance. I t  is  also noted from Fig. 13.4 tha t the sca tte r o f  resu lts  
is  lower than tha t in Fig. 13.1, but greater than tha t in Fig. 13.2.
The l in e a r re la t ionsh ip  between the mean normal stress and the 
penetration resistance has been also reported in the work o f  Al-Awkati 
(1975) and Chapman (1979) fo r  the quas is ta t ic  penetration te s t .
Pe
ne
tra
tio
n 
Re
si
st
an
ce
 
Bl
ow
s/
 
76
2 
m
m
X  Dr  = 3 8 -5 0  %
25
5 ) Number Beside Data Points 
Represents 0. C.R. Values
20
15
10
X(4)5
0
260 300 10020 60 220140 180
Mean Effective Stress a  mean k N / m 2
Fig. 13*4 Penetration Resistance vs. Mean Effective Stresses
Ve
rt
ic
al
 
Ef
fe
ct
iv
e 
St
re
ss
,
Penetration Resistance, B lo w s /2 5  mm
10 20 30 40 50 60
(6 ) Numbers in Parenthesis 
Shows O.C.R. Values. 
W hen O.C.R. is not shown 
the specimen is normally 
consolidated.
(6 ) ( 6 )
# ( 6)100
200
>
X 5 8 -6 8 %  
a  74 - 7 9 %  
■ 7 9 -8 2 %  
•  , 86-  88%
•(2) A(2) U(2)300
400
8 6 - 88 %
500 7 4 -7 9 %
7 9 - 8 2 %
600 Dr = 5 8 - 6 8 %
Fig. 13 - 5 Penetration Resistance vs. Vertical Effective Stress 
in 2 5 4  m m  Rowe Cells.
13*5 ANALYSIS OF RESULTS FROM THE ROWE CELLS
13.5.1 Relationship Between Penetration Resistance, Vertica l E ffec t ive
Stress and Relative Density
Fig. 13.5 shows a p lo t  o f the penetration resistance versus 
the v e r t ic a l e f fe c t ive  stress fo r  various dens it ies . I t  shows tha t 
fo r  a normally consolidated sand there is a l in e a r re la t ionsh ip  
between penetration resistance and ve r t ica l e f fe c t ive  stress with 
higher penetration resistance encountered in specimens o f higher 
densities and specimens under high e f fe c t ive  ve r t ica l stresses. I t  
was however shown in the tests performed in the large t r ia x ia l  chamber 
(Fig. 13.1) tha t th is  re la t ionsh ip  was not l in e a r  and the reason was 
a tt r ib u te d  to the crushing o f the so il p a r t ic le s .  The hammer used in 
the small scale tests had only 4 kg mass and was le t  f a l l  through only 
5 cm, and to compare th is  w ith the 10 kg mass fa l l in g  through 441 mm 
might explain tha t the grains could not crush in the small scale 
te s ts .
Also p lo tted  in Fig. 13.5 are points where the specimen was 
in  the overconsolidated s ta te . I t  shows tha t the penetration 
resistance in the overconsolidated state is  always higher than in 
the normally consolidated state and th is  suggests tha t re la t ionsh ips  
between penetration resistance and v e r t ic a l e f fe c t ive  stress must 
always be separated fo r  d i f fe re n t  states o f stress and conso lida tion .
13.5 .2  R e la t io n s h ip  Between P ene tra t ion  Resistance and C o m p re s s ib i l i t y
In order to study the effec ts  o f  specimen com press ib il ity  on 
i t s  penetration resistance, the c o e f f ic ie n t  o f volume com press ib il ity , 
mv in m^ /MN was calculated fo r  the specimens tested.
The compressibi1i t y  cha rac te r is t ics  fo r  the four te s t  specimens 
are i l lu s t ra te d  by p lo t t in g  the compression o f the specimen as ordinate 
on a l in e a r scale, and the corresponding applied pressure as abscissa 
on a logarithm ic scale. This is  shown in Figs. 13.6 - 13.9.
The compression is  indicated d i re c t ly  by p lo t t in g  the actual 
thickness o f  the specimen (H) in cm which was calculated fo r  each load 
increment by subtracting the compression o f the specimen as recorded 
by the compression d ia l gauge from the i n i t i a l  thickness measurement.
The c o e f f ic ie n t  o f volume com press ib il ity , mv was calculated 
fo r  a pressure increment o f 100 kN/m3 in excess o f v e r t ic a l e f fe c t iv e  
stress a t which mv was to be known. I t  was obtained from the semi- 
logarithm ic plots (Figs. 13.6 - 13.9) as fo llows.
m = <!» . 1  
v  H Ap ■
where
dH is the change in thickness corresponding to the v e r t ica l
2e ffe c t ive  stress increment (Ap1) o f 100 kN/m .
H is  the thickness o f the specimen under the present v e r t ic a l
e f fe c t iv e  stress.
For mv on the rebound part o f the curves (overconsolidated 
state) a reloading curve was estimated by jo in in g  the po in t a t the 
present ve r t ica l e f fe c t ive  stress and the po in t o f the maximum v e r t ic a l  
e f fe c t ive  stress and then ca lcu la ting  the mv by the same procedure.
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A ll the calculated mv values are recorded in Table 12.5.
In Fig. 13.10 the coe ff ic ien ts  o f volume com press ib il it ies  fo r  
a l l  the.specimens are p lo tted against the penetration resistances. The 
overall p ic ture in th is  f igu re  seems unclear and no d e f in i te  trends 
seem to define a re la t ionsh ip  between the com press ib il ity  and the 
penetration resistance. This may lead one to th ink  tha t penetration 
resistance does not re f le c t  the com press ib il ity  o f the sand, and i f  
th is  is  true then i t  can explain why settlement predictions using 
resu lts  o f S.P.T are very crude and not accurate-in many cases.
To elaborate more on the com press ib il ity  resu lts  in Fig. 13.10, 
the graph was rep lo tted  as in Fig. 13.11 but the points w ith the same 
v e r t ica l stress were jo ined by best f i t  l in e .  The re la t ionsh ip  in  
Fig. 13.11 shows tha t in the normally consolidated case (OCR = 1) 
there seems to be a l in e a r  re la t ionsh ip  between com press ib il ity  and 
penetration resistance showing tha t fo r  specimens with high compressi-. 
b i l i t y  have lower resistance to penetration and specimens with lower 
com press ib il ity  have higher resistance to penetration. The p ic tu re  
however is  unclear in the case o f overconsolidated specimens. Fig. 13.11 
shows there is  no c lear re la t ionsh ip  between the com press ib il ity  and 
penetration resistance in the overconsolidated specimens. For a wide 
difference in penetration resistance, the com press ib il ity  does not 
change much. This seems to be very s ig n i f ic a n t  in actual p rac t ice , fo r  
example two footings b u i l t  on d i f fe re n t  s ites  may have s im i la r  s e t t le ­
ments but the respective penetration resistance in both s ites  may d i f f e r  
by an order o f magnitude.
Another p ractica l example from Fig. 13.11 can be shown. Consider 
two footings b u i l t  on d i f fe re n t  s ites  one on a normally consolidated 
sand and the other on an overconsolidated sand.. Although the settlement 
o f the two footings might be d i f fe re n t  by an order o f magnitude ye t
the penetration resistance might be s im ila r  a t both s i te s .
Fig. 13.12, shows the re la t ionsh ip  between re la t iv e  density and 
the c o e f f ic ie n t  o f volume com press ib il ity  fo r  three overburden 
pressures and overconsolidation ra t ios  o f two and s ix .  For the 
same re la t iv e  density the com press ib il ity  is  shown to increase with 
decreasing stress levels and th is  applies fo r  both the normally 
consolidated and overconsolidated states. For the normally consolidated 
s ta te , the com press ib il ity  decreases with increasing density. For 
the overconsolidated states however, the curves are more horizontal 
suggesting tha t in overconsolidated sands com press ib il ity  is  more 
effected by the overconsolidation ra t io s  than by the density o f the 
sand.
I t  i s ,  however, noted tha t fo r  the same density the compressi-.. 
b i l i t i e s  in the normally consolidated states are much higher than 
those in the overconsolidated states. For example a t a re la t iv e  density 
o f 65% the com pressib il ity  in the normally consolidated s ta te  is  about 
8 times tha t in the overconsolidated s ta te . This also may explain 
why the penetration resistance does not re f le c t  com press ib il ity  and 
tha t settlement predictions using resu lts  o f S.P.T are crude and many 
methods grossly overestimate settlements.
I f  the com press ib il ity  o f a sand cannot be detected from the 
resu lts  o f penetration tes t ing  then the corresponding settlement 
predictions w i l l  always be crude and always very approximate. I f  
however the density o f the sand was known by some other means then 
the state o f consolidation o f the sand could be determined f a i r l y  
eas ily  from corre la t ions re la t ing  re la t iv e  density and penetration
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Fig. 13-12 Relative Density vs.Coefficient of Volume Compressibility
resistance fo r  .normally consolidated and overconsolidated sands 
as w i l l  be discussed in Section 13.6. The com pressib il ity  would 
then be found from re la tionsh ips s im ila r  to those in Fig. 13.12.
13.6 INFLUENCE OF OVERCONSOLIDATION ON PENETRATION RESISTANCE
To study the e f fe c t  o f overconsolidation on penetration 
resistance four specimens were tested in the ca l ib ra t io n  chamber 
with overconsolidation ra t io s  o f  2, 4 and 5, and time did not allow 
to te s t  more specimens so tha t more comprehensive analysis would be 
carried out.
I t  is  however noticed in Fig. 13.1 tha t a l l  overconsolidated 
specimens have higher resistances to penetration then normally 
consolidated specimens. The process o f overconsolidation has 
produced specimens a t a given ve r t ica l stress tha t had higher values 
o f  la te ra l stress than normally consolidated specimens a t the same 
value o f  v e r t ic a l s tress. And the fa c t  tha t the overconsolidated 
specimens had higher resistance to penetration is  a re s u lt  o f  the 
higher la te ra l  stress acting on the boundaries o f the overconsolidated 
specimen. To show the e f fe c t  o f overconsolidation on penetration 
resistance more c le a r ly ,  Fig. 13.13 was prepared from the resu lts  
o f the Rowe ce ll  tes ts . Penetration resistance was drawn on a log 
scale as an ordinate and re la t iv e  density on ordinary scale as an 
abscissa. Fig. 13.13 shows th is  re la t ionsh ip  fo r  three v e r t ic a l  
e f fe c t ive  stresses and overconsolidation ra t ios  o f 1, 2 and 6. The 
points representing overconsolidated specimens are drawn in  dotted 
lines and the points representing normally consolidated specimens 
are drawn in  so lid  l in e s . I t  is  c le a r ly  shown tha t fo r  the same 
re la t iv e  density and v e r t ica l e f fe c t ive  stresses, the overconsolidated 
specimens have higher resistance to penetration than the normally
consolidated specimens. Specimens with an overconsolidation ra t io  
o f 6 may have 100% more resistance to penetration than normally 
consolidated ones; and specimens w ith an overconsolidation ra t io  
o f 3 may have about 40% higher resistance to penetration.
This d iffe rence in penetration resistance may be very s ig n if ic a n t  
in actual f ie ld  tests such as the S.P.T, where the te s t  is  intended 
to r e f le c t  the in - s i tu  re la t iv e  density. Fig. 13.13 shows tha t fo r  
the same penetration resistance and overburden pressure the 
re la t iv e  density may change about 13% i f  the sand has been 
overconsolidated 6 times.
Hence the ex is t ing  corre la t ions which re la te  penetration resistance 
and re la t iv e  density should be prepared fo r  both normally consolidated 
and overconsolidated sands. I t  is  to be noted tha t ex is t ing  re la t io n ­
ships fo r  example by Terzaghi and Peck (1948) and Gibbs and Holtz 
(1957) probably apply fo r  normally consolidated sands on ly , and th is  
may explain why many gross overestimates o f settlements have been 
reported in the l i te ra tu re .
I t  is  hence very important to know in advance the degree o f 
overconsolidation, but th is  may be impossible from the resu lts  o f 
penetration tests unless the re la t iv e  density o f the sand be 
accurately known.
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CHAPTER 14
RESULTS: PORE WATER PRESSURES GENERATED DURING DYNAMIC PENETRATION
14.1 INTRODUCTION
In th is  chapter, analysis is  carried out on the pore water
pressures generated as a re s u lt  o f d r iv ing  the penetrometer in to
the saturated sand specimen.
As mentioned e a r l ie r  in Chapter 11.4.1, the pore pressures 
were measured using three d i f fe re n t  systems, a chart recorder, a desk 
computer and an oscilloscope. In the e a r l ie r  tests (T3 and T4) the 
chart recorder and the desk computer only were used to measure the 
generated pore pressures. I t  was, however, observed tha t these two 
systems were very slow and did not measure the pore pressures properly.
The chart recorder fa i le d  to measure the pore pressures a t
the moment o f impact o f the hammer. Thus very low pore pressure 
values were recorded. The computer also measured u n re a l is t ic  values 
o f  pore pressures and in many instances, i t  missed the peak values 
o f  the pore pressures.
As i t  became necessary to use a system with fa s t  response to 
the generated pore pressures, a storage oscilloscope was introduced 
which produced sa t is fa c to ry  traces o f the pore pressures developed 
a t the moment o f the i n i t i a l  impact o f the hammer. No measurement 
o f pore pressures were made in Test T5. The oscilloscope was introduced 
in Test T8, and in the f i r s t  two tests (T8 and T10) the peak values 
o f the pore pressures were traced:from the oscilloscope 
screen. Then i t  became necessary to photograph the traces in  order 
to enable to study more comprehensively the pore pressures and
durations developed. Hence s ta r t in g  from Test T i l ,  photographs were 
taken to the numerous pore pressures developed from blows in a l l  
remaining tes ts . These photographs are a l l  presented in th is  chapter 
and are used in the analysis o f the re su lts .  The photographs were 
taken by a 35 mm re f le x  camera positioned c a re fu l ly  on a tr ip o d .
As mentioned, the chart recorder traces and the computer 
readings were u n re a l is t ic ,  and therefore not much emphasis has 
been given on th e i r  resu lts  in the present analysis. In some instances 
however the resu lts  from the chart recorder and the computer have 
helped sub s tan t ia l ly  in the in te rp re ta t io n  o f the pore pressures 
developed. For example in the case o f l ique fac t io n  events, the 
data from the chart recorder and the computer were as important as 
those from the oscilloscope. In such instances these are mentioned 
and elaborated on. In many cases the chart recorder graphs have a t 
least q u a l i ta t iv e ly  shown s im ila r  trends to the oscilloscope and 
therefore i t  was f e l t  necessary to reproduce representative traces 
from each te s t .
The pore pressure readings from the three systems are presented 
fo r  a l l  the tests in Appendix Viand can be re ferred to as necessary.
Before each blow was applied, a l l  the three systems were set 
and made ready. A fte r  the blow, the pore pressures were recorded 
on the spec ia lly  designed sheets and then a photograph was taken 
o f the oscilloscope screen. The operation took about 2 minutes 
and th is  period was also necessary fo r  the excess pore pressures 
to d iss ipa te . The help o f two technicians was necessary fo r  th is  
operation.
In th is  chapter each te s t  is  reviewed separately. A b r ie f  
descrip tion o f preparing o f the specimen is  given f i r s t .  The
photographs o f traces from the oscilloscope are presented where 
ava ilab le  and a typ ica l trace from the chart recorder is  also 
produced. Knowledge gained from the ind iv idua l tests is  also 
mentioned together with some o f the d i f f i c u l t i e s  encountered. In
many tes ts , tables are presented showing de ta i ls  o f the blows 
together w ith the peak values and duration o f the pore pressures.
In Section 14.3, analysis o f the developed pore pressures 
is  given and i t  has been attempted to discuss the influence o f the 
specimen density, the stress leve ls , overconsolidation and the 
horizontal stresses on the generated pore pressures. F in a l ly  the
d iss ipa tion  o f excess pore pressures is  discussed.
14.2 A REVIEW OF THE INDIVIDUAL TESTS
14.2.1 Test T3 (DR = 43%, = 88 kN/m2 , = 100 kN/m2)
The specimen was formed by sedimentation in water from a 
height o f  15 cm using the spec ia lly  made sieve. In th is  te s t  only 
the chart recorder and the desk computer were used to record the 
generated pore pressures. The computer was used only to record 
the hydrosta tic pore pressure throughout the specimen depth.
The resu lts  recorded by the chart recorder showed a very
slow response to the dynamic pore pressures generated. I t  became
clear in th is  te s t  tha t the chart recorder fa i le d  to record the
peak pore pressures generated a t the moment o f impact o f the hammer.
A typ ica l graph traced by the chart recorder fo r  blow 24 is  shown
in Fig. 14.1. I t  can be observed from Fig. 14.1, tha t the maximum
2 . .pos it ive  pore pressure recorded is  only about 2 kN/m which is  a
very low value. The time o f pore pressure d iss ipa tion  to 1 kN/m6
is  about 5 sec. The pore pressure trends resu lt ing  from the other
blows were generally pos it ive  and s im ila r  to tha t fo r  blow 24 and 
shown in  F ig . 14.1.
In th is  te s t  an exercise was carried out on some blows, to see 
whether rapid succession o f blows would generate a cumulative increase 
in the pore pressures. Such an example fo r  blows 13, 14 and 15 is  
shown in Fig. 14.2. I t  can be observed from Fig. 14.2 tha t the pore 
pressures can increase when the blows are applied ra p id ly .
14.2.2 Test T4 (DR = 38%, = 89 kN/m2, aH = 102 kN/m2)
This te s t  was performed as a duplicate  o f  Test T3, hence only 
the chart recorder and the desk computer were used to record the pore 
pressures.
The resu lts  obtained from the chart recorder traces also ind ica te  
generally pos it ive  pore pressures developed, and s im ila r  to those 
obtained in Test T3. A typ ica l pore pressure trace from th is  te s t
is  shown in Fig. 14.3. The disturbances in the early  part o f  the trace
seem to be caused by the l i f t i n g  of the hammer along the guide rod.
Here also i t  was noticed tha t the chart recorder response was not fa s t  
enough to read the pore pressures developed. I t  can also be observed 
from Fig. 14.3, tha t the maximum pos it ive  pore pressure recorded is  
only about 1.3 kN/m which is  a very low value, and the time o f
p
d iss ipa tion  to the nearest 1 kN/m is  about 5 sec.
During th is  te s t  i t  was decided to operate the hammer manually 
in order to f in d  out i f  there was any influence by the automatic t r i p
mechanism on the pore pressures generated. Not much d iffe rence how­
ever was found in the pore pressures generated from the two methods, 
but in some blows, the automatic t r i p  hammer seemed to cause some 
in te rru p t ion  a t the moment o f the t r ig g e r in g ,  when the two grab hooks
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f i t t e d  a t the end o f the s l id in g  mechanism would h i t  the.sleeve on 
the guide rod thus releasing the hammer. In la te r  tests however, 
the sleeve was greased hence th is  e f fe c t  was diminished.
14.2.3 Test T8 (DR = 40%, ay = 264 kN/m2, aH = 118 kN/m2)
The specimen was formed in a s im ila r  manner to specimens T3 
and T4. In th is  te s t the oscilloscope was used in addition to the 
chart recorder and the computer to record the developed pore pressures 
I t  was realized tha t the pore pressures developed from dynamic penetra 
t ion  were much higher than those recorded on the chart recorder and 
the computer. Unfortunately no photographs o f the traces on the 
oscilloscope were made, and hence only the peak values o f the pore 
pressures were recorded. However another te s t (T14) was conducted 
to duplicate th is  te s t .
The pore pressures recorded on the three devices show mainly 
pos it ive  trends. A typ ica l trace from the chart recorder is  shown 
in Fig. 14.4. As shown; the maximum pos it ive  pore pressure recorder 
was about 8 kN/m^. On the oscilloscope however a maximum value o f
P
40 kN/m was recorded.
The computer also recorded pos it ive  pore pressures in  a l l  
the blows with a maximum reading o f 41.6 kN/m^ in blow 31.
14.2.4 Test TIP (DR = 24.4%, = 62 kN/m2 , oR = 32 kN/m2)
This te s t was performed with the in ten tion  o f achieving 
as loosely placed a specimen as possible. Hence the specimen was 
formed by sedimentation in water by ra is ing  the spec ia lly  made sieve 
in  a very slow manner. The re la t iv e  density achieved was 24% 
as a re s u lt  o f consolidation o f specimen under the applied loads
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Fig. 14 4 .  Chart Recorder Trace Test T 8
p r io r  to tes t ing .
Only four blows were applied to the specimen. In the fourth  
blow, the penetrometer moved downwards f re e ly  thus h i t t in g  the bottom 
o f the chamber. Also bo il in g  o f the sand was observed through the 
central hole in the top cover and sand emerged through the hole.
As a re s u lt ,  the e lec tron ic  pore pressure transducer a t the t ip  
o f  the penetrometer was damaged. At f i r s t ,  the te s t  was thought to 
be a fa i lu re  and a t th is  stage, i t  was also thought tha t the chamber 
was not function ing properly, w ith a l l  the e f f o r t  in design and 
fab r ica t io n  together w ith the time spent, a l l  gone in vain. This 
f ru s tra t in g  experience however did not la s t  long when the generated 
pore pressures were analysed.
Deta ils o f the four blows are recorded in Table 14.1.
TABLE 14.1
DETAILS OF PORE PRESSURES FROM TEST T10
blow penetration
2pos it ive  peak pore pressure, kN/m
cm/blow oscilloscope computer
1 10.2 + 54 -
2 13.7 + 56 + 51.6
3 7.1 + 26 + 19.2
4 lique fac tion + 21 + 64.2
I t  is  seen tha t in blow 4, the oscilloscope had recorded only 
+ 21 kN/m^. The computer however recorded by coincidence 
a value o f + 64.2 kN/m^ and th is  had exceeded the ve r t ica l e f fe c t iv e  
stress o f 62 kN/m^ applied on the specimen, thus reducing i t  to zero. 
As re s u lt  l ique fac tio n  o f the sand mass around the t ip  o f the penetro­
meter had occurred and the penetrometer moved f re e ly  downward.
Unfortunately photographs o f the oscilloscope trace were 
not taken and as a re s u lt  o f damage o f the pressure transducer a t 
the t ip  o f the penetrometer, the re su lt ing  chart recorder trace 
was also unusual and hence i t  is  not presented here.
The pore pressure trace from the chart recorder fo r  blow
1 is  shown in Fig. 14.5. Although i t  is  truncated a t the peak, i t  
shows a large pos it ive  pore pressure. I t  may be observed th a t the
o
time fo r  d iss ipa tion  o f th is  pore pressure to below 1 kN/m is  
about 50 seconds.
Large penetrations were observed in blows 1 and 2, and the
fa c t  tha t l ique fac tion  did not occur in these blows may be explained
by the fa c t  tha t s l ig h t ly  lower pore pressures were developed than 
the v e r t ic a l e f fe c t ive  stress applied to the specimen. Unfortunately 
durations o f the pore pressure are not ava ilab le  in order to comment 
fu r th e r  on the re su lts .
14.2.5 Test T i l  (DR = 75%, a  = 61 kN/m2, =3 0  kN/m2)
The specimen was formed in three layers and each layer was 
vibrated fo r  a period o f about 2 minutes using the e le c t r ic  poker 
v ib ra to r .  Thus a dense specimen was achieved with a re la t iv e  density 
o f 75%.
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Fig. 14-5 Chart Recorder Trace. Test T 10
Photographs from the oscilloscope screen, together with the 
output from the chart recorder and the computer a l l  show generally 
high negative followed by pos it ive  pore pressures o f lower magnitudes 
which d iss ipa te .
The photographs taken from typ ica l three blows are shown in 
Plate 14.1, and de ta ils  o f the three blows are recorded in Table 14.2.
TABLE 14.2
DETAILS OF TYPICAL PORE PRESSURES FROM TEST T i l
blow penetration - ve pore pressure + ve pore: pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
25 1.2 - 68 30 + 48 20
37 1.0 - 78 25 + 52 20
38 1.0 - 8,0 25 . + 50 20
average - 76 27 + 40 20
I t  is  observed from Table 14.2, tha t the higher negative pore 
pressures have also higher durations than the pos it ive  pore pressures. 
This indicates tha t the denser a specimen becomes, the more negative 
and less pos it ive  are the pore pressures developed. I t  w i l l  be seen 
in la te r  tests tha t in very dense specimens only negative pore 
pressures develop.
The chart recorder graphs have agreed well (q u a l i ta t iv e ly )  
w ith the oscilloscope traces, showing d e f in i te  high negative 
followed by lower pos it ive  pore pressures developed. A typ ica l 
chart recorder graph obtained from blow 4 is  shown in Fig. 14.6.
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The magnitudes shown in Fig. 14.6 are very low, ind ica ting  the slow 
response o f  the chart recorder.
The computer readings also ind ica te  in some blows large 
negative pore pressures developed. Examples are blows 7, 29, 21, 
and 51.
14.2.6 Test T12 (PR = 41.8%, ay = 53 kN/m2, c*H = 45 kN/m2)
The specimen was formed by sedimentation in water using the 
sieve. Then i t  was overconsolidated by increasing the v e r t ic a l 
stresses acting on the specimen to 265 kN/m and then reducing to
9
53 kN/m thus achieving an overconsolidation ra t io  o f 5.
Photographs o f the pore pressure traces from the oscilloscope 
fo r  many o f the blows are shown in Plate 14.2, and de ta i ls  o f the 
blows together with the developed pore pressures are reported in 
Table 14.3.
TABLE 14.3 
DETAILS OF PORE PRESSURES FROM TEST T12
blow penetration - ve pore pressure + ve pore pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
1 4.9 - 80 20 + 64 70
4 7.2' - 60 10 + 44 60
5 8.4 - 64 10 + 50 100
6 5.3 - 80 10 + 64 60
7 5.0 - 40 10 + 80 70
8 2.3 - 50 20 + 84 50
9 1-5 - 80 20 + 40 20
10 1.5 - 80 25 + 40 20
11 1.6 - 100 25 + 40 30
12 2.0 - 90 20 + 60 30
13 2.2 - 80 20 + 44 50
average - 73 17 + 55 50
The developed pore pressures ind ica te  high negative pore 
pressures developed f i r s t  then followed by pos it ive  pore pressures. 
The negative pore pressures have higher values but are o f lower 
durations than the pos it ive  pore pressures. I t  is  also noticed 
tha t blows w ith  large penetrations have developed pos it ive  pore 
pressures with longer durations as fo r  example in  blow 5. Blows 
with lower penetration ( fo r  example blows 8 - 13) were observed 
to develop generally pos it ive  pore pressures w ith shorter durations.
This may ind ica te  tha t in  medium density sands the pos it ive  pore 
pressures have a more important ro le  in in fluencing the penetration 
than the negative pore pressures.
Overconsolidation o f the specimen has contributed in  increas­
ing the la te ra l  stresses acted on the specimen also the density o f 
the specimen. As a re s u lt ,  the pos it ive  pore pressures seem to have 
had shorter durations and hence the chances o f l ique fac t io n  have 
decreased.
The chart recorder graphs generally have not indicated 
negative pore pressure peaks, and only pos it ive  pore pressures 
were generally indicated. A typ ica l chart recorder graph o f  blows 
3 and 4 are shown in Fig. 14.7. The trace fo r  blow 4 indicates an 
i n i t i a l  negative followed by a pos it ive  pore pressures which 
d iss ipa te . The d iss ipa tion  time to the nearest 1 kN/m2 is  about 
5 seconds.
The computer readings show mainly pos it ive  pore pressures
p
and only one negative pore pressure o f  - 37 kN/m was measured in 
blow 9.
14.2.7 Test T13 (DR = 100%, 0 = 62 kN/m2, =4 0  kN/m2)
The specimen was prepared in  three layers and each layer 
was vibrated fo r  a period o f about 10 minutes using the poker v ib ra to r .  
Thus a very dense specimen was achieved with a re la t iv e  density 
o f 100%. The specimen was then overconsolidated by increasing the 
ve r t ica l stresses to 310 kN/m2 and vthen reducing i t  to 62 kN/m2 thus 
achieving an overconsolidation ra t io  o f 5.
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Photographs o f the oscilloscope screen fo r  most o f the pore 
pressure traces were taken. These are presented in Plate 14.3. 
To analyse the re su lts ,  12 blows were chosen in  a random manner, 
de ta ils  o f which are shown in Table 14.4.
TABLE 14.4 
DETAILS OF PORE PRESSURES FROM TEST T13
blow
No.
penetration
cm/blow
- ve pore
peak value 
kN/m2
pressure
duration
ms
2 0.8 - 40 20
3 1.1 - 40 20;
4 0.9 - 48 . 20
12 0.8 - 44 20
13 0.7 - 44 15
14 0.7 - 40 15
18 0.7 - 42 15
20 0.8 - 44 12
21 0.8 - 48 12
23 0.7 - 50 I 2
31 0.6 - 44 15
41 0.7 - 54 15
average - 45 16
As shown in  Plate 14.3 and Table 14.4, the pore pressures 
developed are mainly negative.
The chart recorder graphs however, have shown s im i la r i t y  
to the oscilloscope only in the la te r  blows. In the early  blows, 
pos it ive  pore pressures dominated the graphs. Typical graphs 
obtained in  blows 72, 73 and 74 are shown in Fig. 14.8. I t  can be 
observed fo r  example from the trace o f blow 73 tha t the trend is  
mainly negative and tha t the d iss ipa tion  to the nearest 1 kN/m2 
is  about 1 sec. The magnitudes o f the measured pore pressures 
however are very low, ind ica ting  the slow response o f the chart 
recorder.
The computer readings were non representative in many blows 
since they did not pick up the negative pore pressures in  many blows. 
Negative pore pressures were only recorded by the computer in blows 
4, 8, 12, 34, 71, 74, 75, and 76.
14.2.8 Test T14 (DR = 40%, = 200 kN/m2, aH = 118 kN/m2)
The specimen was formed by sedimentation in  water using 
the sieve.
Photographs o f the oscilloscope screen o f many o f  the pore 
pressure traces were taken. These are presented in Plate 14.4.
Deta ils o f the pore pressures developed from these blows are presented 
in Table 14.5.
As shown in Plate 14.4 and Table 14.5, the developed pore 
pressures are generally negative and followed by pos it ive  pore 
pressures, and the durations o f both are generally s im ila r .
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Fig. 14 • 8 Chart Recorder Traces. Test T13
TABLE 14.5 
DETAILS OF PORE PRESSURES FROM TEST T14
blow penetration - ve pore pressure + ve pore pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
3 0.9 - 84 12 + 48 10
5 0.9 - 84 10 + 52 8
8 1.1 - 46 8 + 62 8
10 1.2 - 32 8 + 60 8
12 1.0 - 44 10 + 56 8
13 0.9 - 68 10 + 48 7
17 0.9 - 76 10 + 38 10
19 1.2 - 36 8 + 48 8
25 1.3 - 20 8 + 40 8
26 1.0 - 48 10 + 36 10
29 1.3 - 52 8 + 30 8
32 1.5 - 16 8 + 80 20
33 1.9 - 24 8 + 88 20
35 1.6 - 16 8 + 90 20
39 0.6 - 80 20 + 28 20
40 0.6 - 100 15 + 24 20
52 1 .0 - 30 10 + 88 20
average - 50 10 + 53 12
In some blows fo r  example blows 33 and 35, i t  is  observed 
tha t larger pos it ive  pore pressures w ith longer durations have 
been developed. This is  explained by the la rger penetrations 
occurring in these blows, resu lt ing  from lower densities occurring 
lo c a l ly  w ith in  the specimen.
In other blows fo r  example blows 39 and 40, larger negative 
pore pressures are observed. This is  explained by higher local 
densities encountered with the specimen. The penetration o f  blows 
39 and 40 were 0.6 cm/blow compared w ith penetrations 1.9 and
1.6 cm/blow fo r  blows 33 and 35 respective ly . The non-uniform ity 
o f the penetrations encountered in a l l  the tests has been discussed 
in  more de ta i l  in  Section (12.9).
The chart recorder graphs ind ica te  mainly pos it ive  pore 
pressures and i t  seems they missed the negative pore pressures.
Typical traces resulted from blows 32, 33, and 34 are shown in 
Fig. 14.9. '
The computer readings also showed mainly pos it ive  pore 
pressures with only a few negative readings.
14-2-9 Test T15 (Dr = 40%, = 50 kN/m2 , aH = 64 kN/m2)
The specimen was formed by sedimentation in water using 
the sieve. Then i t  was overconsolidated by increasing the v e r t ic a l  
stress acting on the specimen to 200 kN/m^ and then reducing to 
50 kN/m^, thus achieving an overconsolidation ra t io  o f 4.
Photographs o f the pore pressure traces from the oscilloscope 
fo r  many o f the blows are shown in Plate 14.5, and d e ta i ls  o f the 
pore pressures developed from these blows are presented in Table 14.6.
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TABLE 14.6
DETAILS OF PORE PRESSURE FROM TEST T15
blow penetration - ve pore pressure + ve pore pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
4 5.05 - 22 10 + 36 80
7 4.50 - 40 8 + 40 70
9 2.75 - 48 18 + 40 40
13 2.50 - 28 2 + 40 40
17 2.50 - 50 15 + 24 20
18 2.50 - 50 15 + 24 20
average - 40 11.3 + 34 45
The general patern o f  pore pressures as shown in Plate 14.5 
and Table 14.6, is  tha t negative pore pressures o f short durations 
develop f i r s t  and are then followed by pos it ive  pore pressures with 
longer durations. The magnitudes o f both negative and po s it ive  pore 
pressures seem to be s im ila r .  I t  is  also noted tha t the pos it ive  
pore pressures w ith longer durations correspond w ith blows o f 
higher penetrations as fo r  example in  blows 4 and 7.
The chart recorder graphs have shown pos it ive  pore pressures 
in most blows. Typical trends fo r  blows 10, 11 and 12 are presented 
in Fig. 14.10.
The computer output has shown generally pos it ive  pore pressures 
except in  blows 1 and 3 where the readings were - 19 and - 33.5 kN/m 
respective ly .
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14.2.10 Tes t T16 (DR = 41%, a y = 50 kN/m2 , aH = 41 kN/m2)
The specimen was formed by sedimentation in  water using 
the sieve. Then i t  was overconsolidated by increasing the v e r t ic a l 
stress acting on the specimen to 100 kN/m2 and then reducing to 
50 kN/m2, thus achieving an overconsolidation ra t io  o f 2. The 
resu lt ing  penetrations were non-uniform, hence the corresponding 
generated pore pressures were also non-uniform. Typical trends o f 
the pore pressures recorded on the oscilloscope are shown in 
Plate 14.6, and de ta i ls  o f  the pore pressures developed from these 
blows are presented in Table 14.7.
TABLE 14.7 
DETAILS OF PORE PRESSURES FROM TEST T16
blow penetration - ve pore pressure + ve pore pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
1 3.2 - 100 15 + 34 20
2 5.0 - 68 10 + 36 60
6 5.4 - 26 10 + 46 60
7 5.3 - 60 8 + 54 20
8 2.3 - 90 20 trace chopped
9 2.6 - 90 15 + 36 15
average - 72 13 + 41 35
Generally, high negative pore pressures with short durations 
were developed then followed by pos it ive  pore pressures o f lower 
magnitudes but o f  longer durations. I t  is  also noted tha t blows 
with larger penetrations, fo r  example blows 2, 6 and 7 have pos it ive  
pore pressures with longer durations. On the other hand blows with 
smaller penetrations, fo r  example blows 1, 8 and 9, have high 
negative pore pressures and lower pos it ive  pore pressure o f short 
durations.
The chart recorder graphs have generally shown s im ila r  trends 
to the oscilloscope graphs fo r  example in blows 1, 8 and 9, negative 
pore pressures were shown, followed by pos it ive  pore pressures. In 
blows 5, 6 and 7 large pos it ive  pore pressures were shown. Typical 
graphs o f  blows 5, 6 and 7 are presented in  Fig. 14.11.
The computer reading showed unusually large po s it ive  pore 
pressures such as in blows 2, 3, 4, and 5. In blow 8, however a
p
negative pore pressure o f - 66.8 kN/m was recorded thus agreeing 
with trends shown by the oscilloscope and the chart recorder.
14.2.11 Test T17 (DR = 27%, ay = 60 kN/m2, oH = 30 kN/m2)
The specimen was formed in a s im ila r  manner to specimen
p
T10, and normally consolidated to a v e r t ic a l pressure o f 60 kN/m 
and then tested.
Only s ix  blows were applied to the specimen. In the s ix th  
blow, the penetrometer moved downwards fre e ly  but was prevented 
from h i t t in g  the bottom o f the chamber by a safety c a t c h ^  which
(1) The safety catch was provided to the penetrometer a f te r  Test 
T10 in order to prevent i t  h i t t in g  the bottom of the chamber in 
case of l ique fac tion  thus damaging the pressure transducer. I t  is  
shown in  Plate 11.10.
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was fixed  to the top o f the penetrometer. Also bo il ing  o f the sand 
was observed through the central hole in  the top cover and sand 
emerged through the hole. This event is  seen in Plate 14.7.
Photographs o f the pore pressure traces from the oscilloscope 
are shown in Plate 14.8, and de ta i ls  o f the pore pressures developed 
are presented in Table 14.8.
TABLE 14.8 
DETAILS OF PORE PRESSURES FROM TEST T17
blow penetration - ve pore pressure + ve pore pressure
No. cm/blow
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
1 1.3 - 90 15 + 12 10
2 1.3 - 90 18 + 20 10
3 1.6 - 100 15 + 24 15
4 1.8 - 100 15 + 36 20
5 5.0 - 50 8 + 60 60
6 1iquefaction - - + 60 > 200
Low penetrations were observed a t the s ta r t  o f the te s t  (blows 
1, 2, 3 and 4) as a re s u lt  o f top boundary e ffec ts  and dens if ica t ion  
o f the specimen. The pore pressures generated from these blows were 
generally high negative followed by smaller pos it ive  pore pressures 
w ith durations s im ila r  in  both trends.
In blow 5, an i n i t i a l  negative pore pressure o f - 50 kN/m2 
was developed and followed by a pos it ive  pore pressure o f  + 60 kN/m2 
which lasted about 60 ms.
Liquefaction occurred in  blow 6 with a pore pressure o f 
+ 60 kN/m2 which lasted fo r  an re la t iv e ly  long time (> 200 ms).
The pore pressure generated in  the 6th blow equalled the 
ve r t ica l e f fe c t iv e  stress and has c e r ta in ly  exceeded the horizontal 
e f fe c t ive  s tress, thus reducing the e f fe c t ive  stresses to zero, and 
causing l ique fac tion  o f the sand mass near the t ip  o f the penetrometer.
The chart recorder graphs also show a s im ila r  trend to the 
oscilloscope graphs fo r  example in blows 1, 2 and 3, the graphs have 
shown negative followed by a pos it ive  trend. In blows 4 and 5 only 
pos it ive  pore pressures were recorded as shown in Fig. 14.12. I t  
is  noticed from Fig. 14.12 tha t d iss ipa tion  o f the pore pressures 
to the nearest 1 kN/m2 took about 50 seconds, and i t  can be observed 
tha t the high pos it ive  pore pressures were prolonged fo r  more than 
one second, which may explain the event o f the l iq u e fa c t io n . Had 
the d iss ipa tion  time been short then l ique fac tio n  could not happen. 
Shorter d iss ipa tion  periods are encountered in sands o f  la rger 
p a r t ic le  sizes.
The computer output showed high negative pore pressures in 
blows 2 and 3 and high pos it ive  pore pressures in blows 4 and 5.
The readings however were missed in blow 6.
14.2.12 Test T19 (DR = 935!, av = 60 kN/m2 , aH = 24 kN/m2)
The specimen was formed in  three layers and each layer was 
v ibrated fo r  a period o f about 5 minutes using the poker v ib ra to r .
Thus a dense specimen was achieved w ith a re la t iv e  density o f  93%.
PLATE 14.7. BOILING OF SAND DURING LIQUEFACTION
P L A T E . 1 4 - 8  OSCILLOSCOPE PORE PRESSURE TRACES- SPEC. T 17.
Time
Sec.
100
90
80
70
1 kN /rrr
60
50
50 sec.
40
Blow 6 Liquefaction30
20
2520100
u , k N / m 2
Fig. 14 * 12 Chart Recorder Trace. Test T 17
The specimen was then normally consolidated to a ve r t ica l stress 
o f 60 kN/m2.
Photographs o f the oscilloscope screen fo r  most o f the pore 
pressure traces were taken. Representative traces are presented in Plate 14. 
analyse the re su lts ,  12 blows were chosen in a random manner and 
de ta i ls  o f which are shown in Table 14.9.
DETAILS
TABLE 14.9 
OF PORE PRESSURES FROM TEST T19
blow penetration - ve pore pressure
peak value duration
No. cm/blow kN/m2 ms
3 1.0 - 54 50
5 0.8 - 48 40
8 0.8 - 42 30
11 0.9 - 42 30
16 0.8 - 38 30
24 0.8 - 40 40
30 0.9 - 36 40
36 0.8 - 32 40
40 0.8 - 28 40
43 0.8 - 32 40
62 0.8 - 42 40
70 0.8 - 46 40
average - 40 37
As shown in  Plate 14.9 and Table 14.9, the 'pore pressures 
developed are mainly negative. Typical values are about - 40 kN/m2 
with durations o f  about 40 ms. The penetrations per blow were also 
uniform, and th is  may explain the uniform pore pressures generated.
The chart recorder graphs also showed uniform trends o f 
generated pore pressures. Generally negative pore pressures were 
recorded, and typ ica l trends fo r  blows 15, 16 and 17 are presented 
in Fig. 14.13.
The computer readings agreed with the resu lts  obtained from 
the oscilloscope and the chart recorder. Generally negative pore 
pressures were recorded. The magnitudes, however were not uniform 
because o f the slow response o f the computer.
14.2.13 Test T20 (DR = 33%, ay = 50 kN/m2 , = 30 kN/m2)
The specimen was formed with the in ten tion  to achieve a 
re la t iv e  density o f about 40% in order to check whether l ique fac t io n  
would occur a t th is  density. The sedimentation was carr ied out in 
water from a height o f 15 cm using the sieve. The re la t iv e  density 
achieved however was only 33%.
Only s ix  blows were applied to the specimen and on the 
s ix th  blow, the penetrometer moved downwards f re e ly .  The safety 
catch was not f ixed  to the penetrometer, and hence i t  h i t  the 
bottom o f the chamber. The porous t ip  was not damaged by th is  
event and i t  was thought a t f i r s t  tha t the pressure transducer was 
not damaged, but from the resu lts  o f the next te s t  (T21) i t  was 
lea rn t tha t the transducer may have been damaged.
In the s ix th  blow, and as in  Test T10 and T17, b o i l in g  o f 
the sand was observed from the central hole in the top cover.
H.  ! I  1 1  T ' W
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Photographs o f the pore pressure traces from the oscilloscope 
are shown in Plate 14.10, and de ta i ls  o f the pore pressures developed 
are presented in Table 14.10.
TABLE 14.10
f ■
DETAILS OF PORE PRESSURES FROM TEST T20
blow penetration - ve pore pressure + ve pore pressure
peak value duration peak value duration
No. cm/blow kN/m2 ms kN/m2 ms
1 2.9 - 100 20 - -
2 2.7 - 98 20 - -
4 6.4 - 20 10 + 60 40
5 6.2 - 80 15 + 20 60
6 1iquefaction - 50 5 + 30 > 200
As may be seen from Table 14.10, the resu lt ing  penetrations 
were not uniform. Low penetrations were observed a t the s ta r t  o f 
the te s t  (blows 1 and 2) as a re s u lt  o f top boundary e ffec ts  and 
dens if ica t ion  o f the specimen. The pore pressures generated from 
these blows were generally h ighly negative with short durations. 
In blows 4 and 5, la rger penetrations took place with the re s u lt  
o f pos it ive  pore pressures developing, and in blow 6 l iq u e fa c t io n  
o f the specimen took place. The pore pressure developed in  blow 
6 was only 30 kN/m2 on the oscilloscope. On the computer however 
a reading o f about 35 kN/m2 was observed, and th is  f ig u re  is  less 
than the ve r t ica l e f fe c t ive  stress imposed on the specimen. How­
ever i t  is  more than the horizontal e f fe c t ive  stress applied, and
th is  means tha t l ique fac tion  may occur even i f  the pore pressures 
developed are less than the v e r t ic a l e f fe c t ive  stresses but more 
than the horizontal e ffe c t ive  stresses. Another important fa c to r  
is  the duration o f  the pore pressures. In blow 6 the duration was 
more than 200 ms, however in  blows 4 although having a greater
value o f pore pressure, the duration was much lower, and th is  explains
why l ique fac tion  did not occur in blow 4.
The. mean normal stress acting on the specimen was
50 + 2 x 30 = 36 kN/m2 which is  ju s t  equal to the pore pressure
3
developed in blow 6. I t  is  not known i f  l ique fac tio n  occurs when 
the pore pressures equal the horizontal stress or the mean normal 
stress.
The chart recorder traces also showed .non-uni form trends .
They were however consistant with the oscilloscope trends. For 
example in blows 1 and 2, high negative pore pressures were recorded 
showing denser sand formed in the top part o f the specimen. In the 
la te r  blows (5 and 6) large pos it ive  pore pressures were recorded, 
which corresponded to large penetrations per blow. In Fig. 14.14, 
the traces obtained from blows 5 and 6 are shown. I t  is  noted from 
the trace o f blow 6, tha t the pos it ive  pore pressure lasted fo r  a 
long period, and d iss ipa tion  to 1 kN/m^ took about 57.5 sec.
14.2.14 Test T21 (DR = 42%, ay = 50 kN/m2, a„ = 30 kN/m2)
This te s t was carried out w ith the purpose to check whether 
l ique fac t io n  would occur in a specimen with re la t iv e  density about 
40% and normally consolidated. Hence the specimen was formed in  a 
loose state by depositing under water using the sieve and then very 
gently tapping on the sides o f the former, thus a re la t iv e  density 
o f 42% was achieved which was higher than the re la t iv e  densities
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achieved in Tests T10, T17 and T20 where a l ique fac tion  event took 
place.
The penetration values in th is  te s t  were not uniform as expected 
in specimens formed in medium to loose s ta te . The pore pressures 
generated from such specimens also vary considerably due to local 
var ia tions  in the density o f the specimen.
The photographs o f the pore pressure traces formed on the 
oscilloscope are shown in Plate 14.11. Unfortunately unusual and 
suspect traces were formed. Hence no comment can be made on them. 
These unusual pore pressure traces seem to be caused from a fa u l ty  
transducer or a badly de-aired one. In the previous te s t  (T20), 
the penetrometer h i t  the bottom of the chamber in the la s t  blow 
and acc iden ta lly  the safety catch was not f ixed in po s it ion , hence 
the transducer may have been damaged, in  th is  inc ident.
In th is  te s t  however l ique fac t io n  did not take place, but 
some large penetrations were observed, as fo r  example in blow 9.
These were accompanied by re la t iv e ly  high pos it ive  pore pressures 
observed on the chart recorder traces (the chart recorder having 
a very slow response could record the response o f the transducer).
In Fig. 14.15 the traces obtained from blows 8 and 9 are shown.
I t  is  apparent tha t la rger pos it ive  pore pressures were recorded 
in blow 9 than in blow 8. The penetration obtained from blows 
8 and 9 were 4.6 cm/blow and 12.8 cm/blow respective ly .
The pore pressures recorded on the computer were also unusual 
fo r  the same reason hence no comment is  made on them.
The penetration resu lts  o f th is  te s t  however are important 
in the sense tha t they ind ica te l ique fac t io n  does not occur in 
specimens with re la t iv e  density about 40%.
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14.2.15 Test T22 (Woolwich Green Sand)(Dp = 42%, a = 60 kN/m^, a^= 30 kN/m
This sand was a coarse, well graded sand o f i r re g u la r  
grain shape and composed mostly o f f l i n t  pa rt ic les  (see Fig. 12.1).
The purpose o f conducting one te s t  on the Woolwich Green 
Sand was to study the d ifference in the pore pressures developed 
between the two sands.
The specimen was formed in a loose state in order to f ind  
out whether l ique fac tio n  would take place. Unfortunately the re la t iv e  
density achieved was 42% and time did not allow a specimen with 
lower density to be tested in order to see whether l ique fac t io n  would 
occur.
Typical graphs photographed from the oscilloscope are shown 
in Plate 14.12. I t  is  o f in te re s t  to note the completely d i f fe re n t  
shapes o f the pore pressures, compared to those obtained from the 
Leighton Buzzard sand tes ts . I t  may be observed from Plate 14.12, 
tha t a series o f  s im ila r  pos it ive  and negative pore pressures were 
generated, having iden tica l values. In some blows, these comprise 
o f  two sets l ik e  in  blows 3 and 4. In others such as blows 1, 2,
5, 6, 8 and 9 they constitu te  three sets. In blow 7, however 4 
such sets are observed. In th is  te s t  however l ique fac t io n  did not 
take place.
Test T16 and T21 in  the Leighton Buzzard sand were performed 
at s im ila r  re la t iv e  densities and stress levels to th is  te s t .  A 
comparison between the resu lts  (compare with Plate 14.6) 
shows the d ifference in the pore pressures developed in  the two 
sands. This d ifference may be a t t r ib u te d  to the d iffe rence in 
p a rt ic les  sizes and shapes o f the two sands.
Typical pore pressure traces recorded by the chart recorder 
fo r  blows 7, 8 and 9 are shown in Fig. 14.16. The trends are not 
s im ila r  to those obtained by the oscilloscope. This is  explained 
by the very slow response o f the chart recorder. In blow 9, the 
safety catch o f the penetrometer h i t  the top cover and th is  might 
explain the unusual trend on the chart recorder trace as seen in 
Fig. 14.16.
The pore pressures recorded on the computer were also not 
s im ila r  to those obtained by the oscilloscope which is  also 
a tt r ib u te d  to the slow response o f the computer. Thus no comment 
w i l l  be made on the computer re su lts .
Although high penetrations took place in some o f the blows, 
however, corresponding large pos it ive  pore pressures were not 
observed. Also l ique fac tion  did not take place because fa s t  
d iss ipa tion  o f the pore pressures took place.
Details o f the pore pressures developed from th is  te s t  are 
presented in  the fo llow ing ta b le :-
DETAILS OF PORE PRESSURE FROM TEST T22
blow
No
penetration
cm/blow
- ve pore pressures
peak values duration 
2kN/m ms
+ ve pore 
peak values 
kN/m2
pressures
duration
ms
1 4.6 - 72 15 + 70 15
2 6.2 - 72 15 + 70 15
3 8.0 - 72 10 + 70 10
4 8.6 - 72 10 + 80 10
5 7.1 - 7 0 10 + 70 10
6 6.6 - 64 10 + 70 10
7 6.2 - 70 10 + 80 10
8 6.1 - 70 15 + 70 15
9 6.2 - 70 15 + 60 15
average - 70 12 + 71 12
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14.3 INTERPRETATION AND ANALYSIS OF DEVELOPED PORE PRESSURES
From the review o f the ind iv idua l tes t resu lts  carried out 
in the previous section, some o f the main factors which a f fe c t  the 
pore pressures generated are presented herein.
The tests conducted in the present study included specimens 
prepared with d i f fe re n t  densities and tested under d i f fe re n t  stress 
levels and in a normally consolidated and overconsolidated states 
o f stress. The one te s t  conducted on the coarse Woolwich Green Sand 
permits the comparison o f pore pressures generated in the two sands.
14.3.1 Influence o f Specimen Density on the Generated Pore Pressures
(Leighton Buzzard Sand)
The ind iv idua l te s t  resu lts  have indicated tha t the density 
o f the specimen has had a cruc ia l influence on the generated pore 
pressures. I t  has been observed tha t the influence o f other fac tors  
has been also re lated to the density o f the specimen.
The influence o f density can be studied by d iv id ing  the te s t  
specimens in to  three groups as follows
a- Specimens prepared loosely w ith a re la t iv e  density range
o f 24 - 33%.
b- Specimens prepared in  a medium dense to dense state w ith  a
re la t iv e  density range o f 38 - 75%. 
c- Specimens prepared in a dense to very dense state w ith a
re la t iv e  density range o f 75 - 100%.
a- Specimens prepared loosely w ith a re la t iv e  density range o f
24.4 - 33%
In a l l , th re e  specimens were tested in th is  range o f re la t iv e  
densities., These were specimens T10, T17 and T20.
The dominant feature in these tests was tha t high pos it ive  
pore pressures with long durations were observed. This was accompanied 
by large penetrations. Also bo il ing  o f the sand was observed as 
shown in Plate 14.7. I t  is  thought tha t the l ique fac tion  event took 
place as a re s u lt  o f pos it ive  pore pressures reaching the ve r t ica l 
or horizontal e ffe c t ive  stresses whichever had a lower, value. Also, 
the duration o f these pos it ive  pore pressures should be long enough
in order tha t l ique fac tio n  can take place.
In Table 14.11 a summary o f data from the spe c if ic  blows in
which l ique fac tion  occurred are presented.
TABLE 14.11
DETAILS OF PORE PRESSURES IN WHICH LIQUEFACTION OCCURRED
Test No. av
kN/m2
GH
kN/m2
blow No. peak value o f 
+ ve pore pressure 
kN/m 2
duration
ms
T10 62 32 4 + 64.2 not measured
T17 60 30 6 + 60.0 > 200
T20 50 30 6 + 35.0 > 200
I t  may be observed from Table 14.11 tha t in Tests T10 and 
T17 the pore pressures have exceeded the ve r t ica l e f fe c t ive  stress 
while in Test T20 the pore pressures developed were lower than 
the v e r t ica l e ffe c t ive  stress but exceeded the horizontal e f fe c t ive  
stress. The mean normal e ffe c t ive  stress in Test T20 was only 
36.6 kN/m^ and the question may arise whether l ique fac tion  might 
occur i f  the developed pore pressures exceeded the horizontal 
stress but were much lower than the mean normal stress. More 
tes t ing  is  needed to answer th is  question.
As observed, in Table 14.11 the durations o f the peak pore 
pressures were more than 200 ms. This period was enough fo r  the 
penetrometer to travel from a distance where i t  had reached in the 
previous blow to the bottom of the chamber. Unfortunate ly, the 
system used in the present study (oscilloscope) could not measure 
the durations precise ly fo r  longer than about 200 ms, thus precise 
times could not be measured. Lately however another device was 
purchased which is  a trans ien t recorder and th is  device 
is  capable o f s tor ing information fo r  longer periods.
More work is  being carried out a t present by another worker 
and using th is  device.
Another note to be made on these tests is  the non-uniform ity 
o f the generated pore pressures. Usually low penetrations were 
observed a t the s ta r t  o f the te s t ,  as a re s u lt  o f top boundary 
e ffec ts  and dens if ica t ion  o f the specimen. The pore pressures 
generated from these blows were generally h ighly negative followed 
by smaller pos it ive  trends. In la te r  blows however la rger penetra­
tions took place and associated with pos it ive  pore pressures develop­
ing, and f i n a l l y  l ique fac tio n  o f the specimen took place.
TABLE 14.12
TYPICAL VALUES OF PORE PRESSURES GENERATED 
AND DURATIONS FROM REPRESENTATIVE BLOWS.
Test
No
blow
No
penetration 
cm/blow
-ve pore pressure +ve pore pressure
peak value 
kN/m2
duration
ms
peak value 
kN/m2
duration
ms
T3 resu lts  not re l ia b le
T4 it n ii
T5 no measurements carried out
T8 photographs o f oscilloscope traces not taken
T i l 37 1.0 . - 78 25 + 52 20
T12 1 4.9 - 80 20 + 64 70
T14 8 1.1 - 46 8 + 62 8
T15 7 4.5 - 40 8 + 40 70
T16 2 5.0 - 68 10 + 36 60
T21 suspect traces
TABLE 14.13
AVERAGE VALUES OF PORE PRESSURES AND DURATIONS.
ave. ave.
Test av aH OCR ave. pen. -ve pore pressure +ve pore pressure
No kN/m2 kN/m^ cm/blow peak value duration peak value d u ra t io
2 2 kN/m ms kN/m ms
T i l 61 30 1 1.0 - 76 27 + 40 20
T12 53 45 5 4.6 - 73 17 + 55 50
T14 200 118 1 1.1 - 50 10 + 53 12
T15 50 64 4 3.2 - 40 11 + 34 45
T16 50 41 2 5.8 - 72 13 + 41 35
b- Specimens prepared in  a medium dense to  dense s ta te  w i th  a
re la t iv e  density range o f 38 - 75%
In a l l ,  ten specimens were tested in th is  density range as shown 
in Table 14.12.
The dominant feature o f the pore pressures generated in  these 
specimens can be generallized by developing negative pore pressures 
a t the s ta r t  o f the blow, followed by pos it ive  pore pressures.
Typical values o f pore pressures generated from representative 
blows together w ith the durations are presented in Table 14.12.
The blows were chosen such as to have ind iv idua l penetrations s im ila r  
to the average penetrations per blow throughout the depth o f the 
te s t  specimen.
In Table 14.13, however average values o f pore pressures with 
th e i r  duration are presented.
I t  may be observed from Tables 14.12 and 14.13 tha t there are 
some varia tions in the values o f the pore pressures and durations 
in the d i f fe re n t  tests fo r  example, least values o f negative pore 
pressures with th e i r  durations were observed in Tests T14 and T15, 
while leas t values o f pos it ive  pore pressures were observed in 
Test T15 and T16 and low durations o f pos it ive  pore pressures were 
observed in Test T14. I t  is  thought tha t these var ia tions were 
caused by the influence o f the stress levels and the stress h is to ry  
o f the d i f fe re n t  specimen. These factors w i l l  be discussed separately.
c- Specimens prepared in  a dense to  very  dense s ta te  w i th  a r e la t i v e
density range o f 93 - 100%
Two specimens (T13 and T19) were tested in  th is  re la t iv e  density 
range. These were formed using a poker v ib ra to r .  Generally only 
negative pore pressures were observed from these tes ts . Average 
values o f  pore pressures with the durations are shown in  Table 14.14.
TABLE 14.14
AVERAGE VALUES OF PORE PRESSURES AND 
DURATIONS. TEST T13 AND T19
Test No. average penetration average - ve pore pressures
cm/blow peak value 
kN/n/
duration
ms
T13 0.69 - 45 16
T19 0.83 - 40 37
I t  may be observed from Table 14.14 while the values o f  pore 
pressures are s im ila r  in both te s ts , however in the denser specimen 
(T13) the average duration per blow is  sub s tan t ia l ly  shorter. This 
is  explained by the fa c t  tha t specimen T13 was denser and over- 
consolidated with a higher horizontal stress acting on i t .
14.3 .2  In f lu e n c e  o f  S tress Levels on the Generated Pore Pressures
High stress levels applied to a specimen would re s u lt  in  an
increase in the e f fe c t ive  stresses in the sand p a rt ic les  with the
re s u lt  o f reducing the chances o f l iq u e fa c t io n . Higher stress leve ls 
would also p ro h ib it  excessive movements between the sand p a r t ic le s  
and hence increase the resistance to volume change.
In Table 14.15, resu lts  are compared from specimens w ith a 
re la t iv e  density range o f 38 - 48%.
TABLE 14.15-
AVERAGE VALUES OF PORE PRESSURES AND
DURATION FOR SPECIMENS WITH DR .= 38 - 48%
Test °R
%
~aV aH OCR • ave. - ve pore pressure + ve pore pressure
No. kN/m2 kN/m2
pen. 
cm/blow peak value 
kN/m2
duration
ms
peak
value
kN/m^
duration
ms
T12 41.8 53 45 5 4.6 - 73 17 + 55 50
T14 40 200 118 1 1.1 - 50 10 + 53 12
T15 40 50 64 4 3.2 - 40 11 + 34 45
T16 41 50 41 2 5.8 72 13 + 41 35
I t  may be observed from Table 14.15 tha t the stress leve ls  
seem to have no e f fe c t  on the peak values o f the pore pressure. 
However in specimen T14 which is confined under higher stress le v e ls ,  
the durations seem to be much lower than those in the other te s ts .
14 .3 .3  In f lu e n c e  o f  O ve rco nso l ida t io n  on the Generated Pore Pressures
Overconsolidation o f a specimen would re s u lt  in  an increase 
in  the density o f  the specimen. I t  would also increase the la te ra l 
stresses applied to the specimen.
Specimens T12, T15 and T16 were prepared in a very loose 
manner and then overconsolidation to O.C.R values o f 5, 4 and 2 as 
shown in  Table 14.15. Comparing the resu lts  obtained in  Table 14.15 
there seem to be no re la t ionsh ip  between the pore pressures developed 
and the overconsolidation ra t io s  achieved. Unfortunate ly, however 
bad traces were achieved from Test T21 where the specimen was normally 
consolidated in  order to compare the resu lts  w ith those obtained in 
the overconsolidated specimen.
I t  is  important to note tha t l ique fac t io n  did not occur in 
a l l  specimens tested in the overconsolidated sta te .
14.3.4 Influence o f  the Horizontal Stress on the Generated Pore Pressures
To i l lu s t r a te  the influence o f the la te ra l stress on the 
penetration resistance and the generated pore pressures, specimen 
T18 was prepared to a re la t iv e  density o f 40% and then tested w ith 
increasing the la te ra l stress during the te s t  in stages. The v e r t ic a l  
stress was kept constant a t 60 kN/m2 and the la te ra l stress was 
increased from 50 kN/m2 to 140 kN/m2. Hence the te s t  was performed 
in  four stages (with each stage about 16 cm o f penetration) a f te r  
which the la te ra l stress was increased by 30 kN/m . .
The traces o f the pore pressures obtained from the various 
blows are shown in Plate 14.13, and the peak values o f  the negative 
and pos it ive  pore pressures together w ith th e i r  respective durations
PLATE 14.13 OSCILLOSCOPE PORE PRESSURE TRACES- SPEC - T18-
2 1  2 2  2 3
2 4  2 5  2 6
2 7  2 9  3 0
P L A T E  1 4 . 1 3 C O N T
are presented in  Table 14.16.
The resu lts  in  Table 14.16 show tha t the horizontal e f fe c t iv e  
stress has an influence on the penetration resistance, but has no 
influence on the generated pore pressures.
14.3.5 Influence o f Sand Type on the Generated Pore Pressures
The pore pressures developed in  Test T22 fo r  the Woolwich
Green Sand, were completely d i f fe re n t  in shape from those obtained
in tests on Leighton Buzzard sand having the same density.
Specimen T16 in the Leighton Buzzard sand is  comparable 
to specimen T22 and i t  is  evident from Plates 14.6 and 14.11 tha t 
the pore pressures developed in the two tests are o f d i f fe re n t  shape.
The shapes in Test T16 can be described by negative pore pressures
developed f i r s t  and having short durations. This was followed by 
pos it ive  pore pressure o f longer durations. The shapes in  Test T22 
are d i f fe re n t .  I t  can be observed from Plate 14.12 tha t a series o f 
s im i la r  pos it ive  and negative pore pressures were generated having 
iden tica l pos it ive  and negative values. A fte r  some blows, only two 
sets were observed, fo r  example in  blows 3 and 4. In other blows such 
as blows 1, 2, 5, 6, 8 and 9, three sets were observed. In blow 7, 
four such sets were observed.
The duration o f each set was very short and less than about
10 ms. This indicates fa s te r  d iss ipa tion  taking place in  th is
coarse sand than in the f ine  Leighton Buzzard sand. The . in te rva l
between the f i r s t  and second set was about 20 ms, between the second
and th i rd  was about 15 ms, and between the th i rd  and fourth  set was
about 10 ms. Peak average values o f pos it ive  and negative pore
2 2pressures in Test T22 were + 71 kN/m and - 70 kN/m compared with 
+ 41 kN/m2 and - 72 kN/m2 :in  Test T16.
TABLE 14.16
DETAILS OF PORE PRESSURES FROM TEST T18
blow av 
No kN/m2
aH
kN/m2
pene.tration
cm/blow
-ve pore pressures +ve pore pressures
peak value 
kN/m2
duration
ms
peak value duration 
kN/m^ ms
2 60 50 7.1 - 20 10 + 56 40
3 3.2 - 28 20 + 20 20
average - 24 15 + 38 30
4 60 80 2.8 - 12 20 + 28 40
5 4.0 - 12 5 + 56 40
6 3.5 0 0 + 28 50
7 2.4 0 0 + 12 30
8 2.1 - 18 15 + 14 25
average - 8.4 5 + 27 37
10 60 110 1.5 0 0 + 20 30
11 1.5 0 0 + 30 40
14 1.5 - 18 20 + 10 20
15 1.5 - 20 20 + 12 20
17 1.5 0 0 + 16 30
18 1.7 0 0 + 20 40
19 1.9 0 0 + 28 40
average - 5.4 5.7 + 19 31
20 60 140 1.2 0 0 + 28 40
21 1.3 0 0 + 40 40
22 1.3 0 0 + 26 40
23 1.2 0 0 + 14 30
24 1.0 - 20 20 + 14 20
25 1.1 - 24 20 + 14 20
26 1.2 - 26 20 + 12 20
27 1.1 - 22 20 + 22 20
29 1.6 - 22 10 + 24 30
30 1.6 0 0 + 36 40
average 9 + 23 30
The p a r t ic le  shape which is  angular, the manner o f  p a r t ic le  
movement during shear, also size o f  p a rt ic le s  must have had an 
influence on the completely d i f fe re n t  pore pressure shape developed 
during penetration in the coarse Woolwich Green Sand.
14.3.6 D issipation o f  Excess Pore Water Pressures
In general, the d iss ipa tion  o f the excess pore water pressures 
resu lt ing  from d r iv ing  o f the penetrometer in to  the sand specimen was 
very rapid. Nevertheless the developed pore pressures have had a 
s ig n i f ic a n t  influence on the penetration resistance. For example 
i t  was observed in  three tests (T10, T17, T19) tha t when the pore 
pressures equalled the minor p r inc ipa l stress (lower o f  the v e r t ic a l 
or horizontal s tress) and the duration exceeded about 200 ms l iq u e fa c ­
t io n  occurred and the penetrometer moved f re e ly  down the chamber. On 
the other hand, in  very dense specimens, negative pore pressures were 
observed which resulted in  an increase in  the e f fe c t iv e  v e r t ic a l 
stresses and hence the resistance to penetration was increased.
Usually pore pressures o f shorter durations corresponded to lower 
penetrations and pos it ive  pore pressures o f  longer durations 
corresponded to la rger penetrations o f  the penetrometer.
As mentioned e a r l ie r  in  th is  chapter, the chart recorder 
missed the pore pressures developed a t the moment o f impact. On the 
oscilloscope however i t  was observed tha t the main pore pressures 
were generated in  a very short time a f te r  the impact o f  the hammer 
(usually less than 50 ms). The chart recorder therefore has measured 
only the very end stages o f  the d iss ipa tion  o f  the pore pressures.
To demonstrate the so rt o f  durations which the oscilloscope has 
measured, Table 14.17 was prepared which was mainly taken from 
Tables, 14.11, 14.12 and 14.13.
I t  may be observed in  Table 14.17 the duration o f pore pressures 
in the tests except Tests T17 and T20 varied between 10 - 37 ms fo r  
the negative pore pressures and 12 - 50 ms in case o f the pos it ive  
pore pressures. In Tests T17 and T20 durations more than 200 ms 
were observed which corresponded to l ique fac t io n  phenomenon.
TABLE 14.17
DISSIPATION TIMES MEASURED FROM THE OSCILLOSCOPE
Test blow - ve pore pressures + ve pore pressures
No. No.
peak value 
kN/m2 .
duration
ms
peak value 
kN/m2
duration
ms
T i l average - 76 27 + 40 20
T12 average - 73 17 + 55 50
T13 n - 45 16 - -
T14 n -  50 10 + 53 12
T15 H - 40 11 + 34 45
T16 ii - 72 13 + 41 35
T17 6 - - + 60 > 200
T19 average - 40 37 -
T20 6 + 35 > 200
Dissipations to 1 kN/m2 could be measured from the chart recorder 
graphs. These have taken a much longer time. To give an approximate 
idea o f the magnitudes o f  such durations, times were measured from 
the various traces o f the chart recorder presented in  th is  chapter 
and are presented in Table 14.18.
/
I t  may be observed in Table 14.18 tha t typ ica l times o f 
d iss ipa tion  to 1 kN/m^ measured from the chart recorder traces in 
Tests T10, T17 and T20 varied between 27.5 sec and 57.5 sec.
In these spe c if ic  tests however l ique fac t io n  took place. In the
2other te s t  the times to 1 kN/m varied between 0.8 sec. and 12.5 
sec.
The s ign if icance o f measuring the d iss ipa tion  time o f  the excess 
pore pressures may have useful app lica tions. By studying the rate 
o f excess pore pressure d iss ipa t ion , information about the c o e f f ic ie n t  
o f consolidation o f the so i l  layers can be obtained also the degree 
o f permeability  o f  the so i l  can be assessed (Torstensson 1977).
TABLE 14.18
DISSIPATION TIMES TO 1 kN/m2 MEASURED 
FROM THE CHART RECORDER TRACES
Test
No.
blow
No.
pore
pressure
trend
d iss ipa tion  time 
to 1 kN/m^ 
sec.
remarks
T3 24 + ve 5
T4 18 + ve 5
T8 14 + ve 0.8
TIO 1 + ve 27.5 lique fac t io n
T12 4 + ve 5
T13 73 - ve 1
T14 33 + ve 6.5
T15 10 + ve 1
T16 5 + ve 8
T17 6 + ve 50 liq u e fa c t io n
T19 15 -  ve 0.5
T20 6 + ve 57.5 l iq u e fa c t io n
T21 8 + ve 12.5
T22 7 + ve 1 Woolwich Green
14.4 INITIAL RAPID FLUCTUATIONS IN THE PORE PRESSURES
One event worthy o f  mentioning which was observed in  most o f 
the tests is  the very rapid f luc tu a tio ns  in  pore pressures in  the 
i n i t i a l  part o f the traces measured the oscilloscope screen. Such 
f luc tu a tio ns  occurred immediately a f te r  impact o f  the hammer and 
lasted fo r  a period o f 10 - 20 ms. To i l lu s t r a te  more c le a r ly  
th is  event, in  Test T14, the tim ing scale on the oscilloscope was 
shortened to record 5 ms/Div. and these f lu c tu a t io n  are very 
c le a r ly  noticed in the i n i t i a l  part o f  the traces fo r  blows 
3, 5, 8, 10, 12, 13, 17, 19, 25, 26, and 29.
This event may be explained by the r o l l in g  and s l id in g  o f 
so i l  p a r t ic le s  during shear. At the i n i t i a l  advance o f  the penetro­
meter during d r iv in g ,  substantia l changes occur in  the so i l  mass 
arround the t i p  o f the penetrometer, and changes are o f  course 
associated with displacements o f p a r t ic le  re la t iv e  to each other. 
When the penetrometer is  stopped, the p a r t ic le  movements are also 
stopped and hence the shape o f  the pore pressure traces becomes 
more smooth.
I t  is  o f in te re s t  to mention here, the work o f  Skinner (1969) 
who investigated the mechanics o f sand pa rt ic le s  during shear.
Shear box tests were conducted on glass b a l lo t in i  in the dry and 
flooded conditions. The overa ll shapes o f the shear load versus 
displacement curves were found to be s im i la r ,  fo r  specimens w ith 
s im ila r  density and normal load. The s t r ik in g  d iffe rence was in  
the shear behaviour when wet as compared when dry. In the former 
case, large rapid f luc tu a tio ns  in  the shear load were measured 
and were found to be due to p a r t ic le  r o l l in g  during the shearing 
process.
CHAPTER 15
CONCLUSIONS
15.1 INTRODUCTION
This thesis involves penetration tes t ing  in a saturated f in e  sand, 
and the study o f  some factors which a f fe c t  the dynamic penetration 
resistance.
In th is  Chapter, the main conclusions from th is  study w i l l  be 
presented. The topics discussed are divided in the fo llow ing way:
1- Estimating settlements on sand from the resu lts  o f  penetration
tes t in g .
2- Equipment design and construction.
3- Conclusions from the penetration tes t ing  programme.
4- Conclusions on the pore water pressures generated during dynamic
penetration.
15.2 ESTIMATING SETTLEMENTS ON SAND FROM THE RESULTS OF PENETRATION TESTS
An examination o f the deformation behaviour o f sand deposits has 
revealed tha t the deformation o f  a sand, subjected to a given load, is  
influenced by a large number o f  variab les; and fo r  th is  reason, the 
s tre ss -s tra in  behaviour o f  sand was found to be exceedingly complex.
Many methods based on penetration te s t  resu lts  (Standard Penetration 
Test and Quasi-Static Penetration Test) have been proposed fo r  the 
pred ic tion  o f settlement o f structures on sand. Some o f the widely 
used methods were tested on 26 case records. I t  was found th a t none 
o f  the methods was accurate and generally many o f the methods (espec ia lly  
the e a r l ie r  methods) grossly over-estimated settlements.
15*3 EQUIPMENT design and construction
A major part o f  the present research was devoted to the design, 
construction and commissioning o f  the tes t ing  equipment to enable 
penetration tes t ing  to be conducted in  the laboratory both in  a small 
apparatus and in  a large c a l ib ra t io n  chamber. A dynamic penetration 
system was also designed and fabricated which included a penetrometer 
and an automatic free f a l l  t r i p  hammer.
The time spent on th is  part was about 18 months; and a great 
e f f o r t  was devoted especia lly  in  the removal o f the fa u l ts  encountered 
in the operation stages. Nevertheless, the experience gained was 
immense especia lly  when the system was f i n a l l y  found to perform 
s a t is fa c to r i ly ;  confidence was also gained in  the area o f  equipment 
development. ^
The design and construction o f the tes t ing  equipment included 
the fo llow ing :
a- Conversion o f two 10" Rowe ce l ls  to enable the performance o f
model penetration tes ts . This included:
Stands 
Top p late 
Penetrometer 
Fa lling  weights 
This apparatus in  described in  Section 12.6
b- Ca lib ra tion  chamber to house a specimen 435 mm in  diameter and 
630-630 mm in  height, which is  described in  de ta i l  in Chapter 11. 
c- Dynamic penetration system w ith an automatic free f a l l  t r i p  
hammer (Chapter 11).
d- Penetrometer w ith a miniature pore pressure transducer mounted a t
i t s  t i p  to enable measurement o f dynamic pore pressures.
The c a l ib ra t io n  chamber was found to be a very useful too l fo r  
ca l ib ra t in g  penetrometers. Tests in the chamber could be conducted 
under con tro lled laboratory conditions, thus enabling to study the 
influence o f various factors on penetration resistance.
15.4 CONCLUSIONS FROM THE PENETRATION TESTING PROGRAMME
Penetration tests were carried out in  the labora tory, both in  a 
small apparatus comprised o f two Rowe ce l ls  and in  the large c a l ib ra t io n  
chamber. The ob jective o f the tests was to study the influence o f some 
o f the factors  which a f fe c t  the dynamic penetration resistance o f a 
saturated f in e  Leighton Buzzard sand.
As each chamber te s t  took 6 working days to complete, hence the 
number o f the tests carried out was l im ite d  by the time ava ilab le . 
Because the apparatus and te s t  technique had to be developed before the 
tes t ing  programme could commence* tes t ing  was fu r th e r  l im ite d . In t o t a l ,  
21 specimens were prepared on the Leighton Buzzard sand and one te s t  
was conducted on the coarse Woolwich Green sand. The programme in  the 
chamber consisted o f tes t ing  specimens prepared at re la t iv e  densities 
between 24% and 100%, and consolidated to predetermined stress paths. 
Many o f  the specimens were normally consolidated, and others were 
overconsolidated.
Many conclusions were drawn from the resu lts  o f penetration tes ts .  
These w i l l  be summarized in the fo llow ing paragraphs.
The boundary conditions at the top and bottom o f the chamber 
were found to have an influence on the penetration resistance. The 
top platen imposed a r ig id  top boundary on the specimen and the 
pressure diaphragm imposed a f le x ib le  boundary on the specimen.'
The specimen density and the stress levels were found to have an 
important e f fe c t  on the penetration resistance. The re la t ionsh ip  
between penetration resistance and v e r t ic a l  and horizontal e f fe c t iv e  
stress fo r  normally consolidated and overconsolidated specimens was 
found to be non-linear.
The influence o f  the horizontal stress on penetration resistance 
was fu r th e r  studied and i t  was i l lu s t ra te d  tha t i t  had a dominating 
influence on penetration resistance.
Penetration te s t  resu lts  in the Rowe ce lls  indicated tha t in  the 
normally consolidated specimens there was a l in e a r  re la t ionsh ip  between 
com press ib il ity  and penetration resistance. Specimens w ith high 
com press ib il ity  had lower resistance to penetration and specimens with 
lower com press ib il ity  had higher resistance to penetration.
The p ic tu re  however was unclear in the case o f  overconsolidated 
specimens. There was no c lear re la t ionsh ip  between the com press ib il ity  
and penetration resistance. For a wide d iffe rence in  penetration 
resistance, the com press ib il ity  did not change s ig n i f ic a n t ly .
Other resu lts  showed tha t a l l  overconsolidated specimens had a 
higher resistance to penetration than normally consolidated specimens. 
The process o f overconsolidation was found to produce specimens a t  a 
given v e r t ic a l s tress, tha t had higher values o f  la te ra l stress than 
normally consolidated specimens.
I t  was found tha t specimens with an overconsolidation ra t io  o f  
6 had 100% more resistance to penetration than normally consolidated 
specimens; specimens with an overconsolidation ra t io  o f  3 had about 
40% higher resistance to penetration.
I t  was concluded tha t the com pressib il ity  o f a sand could not be 
accurately deduced from the resu lts  o f  penetration tests and fo r  th is  
reason the settlement ca lcu la tion  w i l l  always be crude and very 
approximate.
15.5 CONCLUSIONS ON PORE WATER PRESSURES GENERATED DURING DYNAMIC
PENETRATION “  — ~  “   ‘-------
The ind iv idua l te s t  resu lts  have indicated tha t the density o f 
the specimen has had a cruc ia l influence on the generated pore pressures.
In specimens prepared loosely w ith a re la t iv e  density range o f  
24.4-33%, i t  was observed tha t the dominant feature in  these tests  was 
tha t high pos it ive  pore pressures with long durations were observed.
This was accompanied by large penetrations. L iquefaction occurred in  
these specimens as a re s u lt  o f the pos it ive  pore pressures exceeding 
the lower o f  the ve r t ica l or horizontal e f fe c t iv e  stresses and having 
re la t iv e ly  long durations.
In specimens prepared in  a medium dense state w ith a re la t iv e  
density range o f 38-75%, the dominant feature o f the pore pressures 
generated could be generalized by the development o f negative pore 
pressures a t the s ta r t  o f the blow,.fo llowed by pos it ive  pore pressures.
In specimens prepared in  dense to very dense state w ith  a re la t iv e  
density range o f 93-100%, generally only negative pore pressures were 
observed.
The stress leve ls and overconsolidation were observed to have an 
influence on the generated pore pressure. These conclusions should 
however be treated as ten ta tive  because o f  the l im ited  number o f  tests 
carried out. The horizontal s tress, although having an in fluence on 
the penetration resistance, had no influence on the generated pore
pressures.
The only te s t  carried out on the Woolwich Green sand showed 
completely d i f fe re n t  pore pressures developed thus ind ica ting  the 
influence o f the sand type on the generated pore pressures.
FUTURE RESEARCH
Now tha t the penetration tes t ing  equipment has been developed 
and tha t the c a l ib ra t io n  chamber has been found to be a very useful 
t o o l , i t  is  hoped tha t more tes t ing  w i l l  be carried out in  fu tu re  and 
more resu lts  acquired.
Many improvements to the ca l ib ra t io n  chamber can be suggested as 
time did not allow the w r i te r  to tackle them. "
Some d i f f i c u l t i e s  were faced in  achieving K - consolidation stress
o
path in  the ca l ib ra t io n  chamber. I t  is  suggested tha t a be tte r technique 
be developed.
The procedure adopted in  determining the dry density o f  the chamber 
specimen was by weighing the specimen together with the apparatus.
This procedure, although successful, seems to be im prac tica l. I t  is  
suggested tha t another method be developed such as extruding small 
undisturbed samples from the large specimen.
More tes t ing  is  required in the chamber on overconsolidated 
specimens and with higher overconsolidation ra t io s .  This w i l l  enable 
a quan t ita t ive  study on the influence o f overconsolidation on penetration 
resistance.
The re la t ionsh ip  found between penetration resistance and v e r t ic a l  
and horizontal e f fe c t ive  stress was fo r  a re la t iv e  density range o f 
38% to 50%. I t  is  hoped tha t more tes t ing  be conducted in  the chamber 
to cover other re la t iv e  dens it ies .
As penetration resistance and pore water pressures developed 
during dynamic penetration d i f fe rs  with sand type, i t  is  suggested tha t 
other sand types be studied.
F in a l ly  i t  is  suggested in  fu tu re  a la rger ca l ib ra t io n  chamber 
be constructed to enable the ca l ib ra t io n  o f  f u l l  sized penetrometers 
and other in - s i tu  tes t ing  equipment.
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APPENDIX I
EXAMPLE OF SETTLEMENT CALCULATIONS BY LOUW'S (1977) METHOD
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APPENDIX I I  
ANALYSIS OF THE BOTTOM AND TOP PLATES
The c irc u la r  plates can be analysed using the theory o f plates 
and shells (Timoshenko and Krieger 1959). For the bottom plate 
the case can be s im p lif ie d  to a uniformly loaded c irc u la r  p late 
with clamped edges.
1 - „ 1 , ■ljL J V w V w •^ ---------------------------------------------------
U---------------------- ►
_1_ h
T
The maximum stress is  a t the boundary o f the p la te is
,  .  -  3  l l !    ( A T )
max '  4 h2
and the maximum deflexion a t the centre o f the plate is  given by 
the fo llow ing equation
u =   <A2>
max 64 D
where o
D = Eh   (A3)
12 (1 - v2)
where
q = in te n s ity  o f the d is tr ib u te d  load, 
a = raduis o f the c i rc u la r  p la te .
D = f le x tu ra l  r i g i d i t y  o f a p la te , 
v = . Poisson's ra t io .
E = modulus o f e la s t ic i t y ,  
h = thickness o f p la te .
For the Aluminium A lloy  m ateria l:
E = 70,000 N/mm2
v = 0.33 
a = 235 mm 
h = 25 mm
°y ie ld  = 290 N/mm^
equating (ar )  v to 290 N/mm^  in equation A1 we can f in d  the maximum
i T l a X
q which the plate can withstand.
290 = 3 q (253)
4 252
q = 3.770 N/mm2 = 3770 kN/m2 
using a fa c to r  o f safe ly o f (3) we can estimate the allowable load 
which can be safety applied on the bottom p la te .
a l l •2ZZ2. = 1256 kN/m2
Now check maximum deflexion Wmax
D = 70000 x 25'
12(1 - 0.33 )
1.256 x 253
= 10.23 x 10
max = 0 .7 8  mm
64 x 10.23 x 10
This seems to be o.k. but the case may be s im p li f ie d  to a more 
severe case which is  a uniformly loaded c irc u la r  p late with simple
-  X  .I
7TT7~ 77T,
The maximum deflexion may be found from the fo llow ing equation
‘max
(5 + v) 9 a 
64 (1 + v) D
(A4)
W - (5 + 0-33) 1.256 x 2534 _ 3 15 mm
max 7
64 (1 + 0.33) 10.23 x 107
however the actual case may be somewhere between a r ig id  and a simple
support.
A pressure te s t  was then carried out to 700 kN/m2 and the 
deflexion a t the centre o f the bottom plate was measured to 2 mm. 
However a t pressures above 700 kN/m2 leakage was observed from the 
gasket between the plate and the bottom flange.
The top plate can be considered as a c i rc u la r  p la te  w ith a 
c i rc u la r  hole o f 80 mm a t i t s  centre. The maximum deflex ion a t 
the centre o f the plate can be found from the fo llow ing equation:
w = Kl  q a 4   ( A 5 )
max
Eh3
where K] is  a c o e f f ic ie n t  depending o f the dimensions loading 
and boundary supports o f the plate (Timoshenko and Krieger 1959 
P.62, Table 3).
p
assuming q = 700 kN/m*1 
and K-j = 0.813 (from Table 3)
W = 0*813 x 0.7 x 253^ = 2.13 mm 
max
70000 x 25
p
During pressure tes t ing  to 700 kN/m , the centre deflected 
3.1 mm also leakage was observed. Hence i t  was decided to work a t
p
lower pressures (500 kN/m ). However to work on higher pressures 
i t  was necessary to bu ild  a loading frame which would support the 
top and bottom plates p roh ib it ing  any deflexion to occur. The 
loading frame was designed and constructed a t the C iv i l  Engineering 
Department's workshop. Details o f the loading frame are shown in 
Appendix I I I .
APPENDIX I I I  
DETAILS OF LOADING FRAME
1000
426 Diameter 
M 2 0 -l-120i
100
_G
50
2,4x2 I.Beams
-1201
Bolt
50
1270
TP< n rBoltBolt
250
-1 5 0 -|
Side V iew2 , 250 x 150 Beams
Bolt
Rods
Loading Frame
APPENDIX IV
An example o f ca l ib ra t io n  ca lcu la tions and computer programme 
fo r  the dynamic pore water pressure measuring systems.
Transducer number 2127 
Range 7 bar
Supply 10 vo lts  max
S e n s it iv i ty  15.63 mv/v/Fso
4000 b its  = 10 V from the IEEE 488 box.
..  a 10 mv input to the IEEE 488 box (on c a l ib ra t io n  s igna l)
gives:
19____ x 700 = 44.7 kN/m
156.3
.’. gain on the box is  set to give 447 b its  with a 10 mv input
.*. 10 mv input gives 447 x 10 = 1.118 v
4000
1 kN/m2 input gives 1.118 _ 0.025 v output
44.7
I f  the Oscilloscope was set a t 0.5 v/cm then
1 cm = 0.5 v _ 0-5 = 20 kN/m2
0.025
Chart recorder ca l ib ra t io n
4000 b its  = 400 kN/m2 = 10 v output
i f  the recorder was set on 1 v fo r  the f u l l  width o f trace then.
1000 mv = 200 mm
1 mv _ 200 _ 0.2 mm 
1000
400 2  - 0.04 kN/m /mv
10000
?
.*. 2 mm on trace = 0.4 kN/m
Mini-Computer
The computer used was a Commodore 3032 series desk type, i t  
was also used to zero the transducer reading and set the gain by 
s ignaling a known voltage, usually 10 mv to the IEEE-488 box. 
Below is  the computer programme to convert the voltage supplied 
to un its  o f pressure.
READY.
10 OPEN! ,9,0
20 GET#I,.J$,K$
30 K=ASC(K$)-224
40 IFK<0THEND=(K+32)*-l
50 IFK>=0THEND=K
60 D=D*256
70 IFJ$=""THENJ=0:G0T090
80 J=ASC(J$)
90 IFK<0THENJ=J*-1
100 PRINT(J+D)/10;
110 G0T020
READ\>
APPENDIX V
FORMS USED IN THE PREPARATION AND 
TESTING IN THE LARGE TRIAXIAL CHAMBER 
USED IN THE PRESENT PROJECT
LARGE TRIAXIAL TEST
TEST NO.
DATE . . . . .
I n i t i a l  Dia. o f  Spec., Do = 434.53 mm 
I n i t i a l  Area o f Spec., Ao = 1482.96 cni^
I n i t i a l  height from top o f flange to top o f cap, h0 = ........  mm
Height a t end o f suction from top o f flange to top o f cap, h-j =  mm
Drainage due to suction, AV = ........  cc
Vol. change due to consolida tion, AV -j = ...........  cc
Pressure diaphragm area, A^ = 1294.61 cm^
Wt. o f App. empty., W] = ........
Wt. o f App. f u l l , ^2 = ........
I n i t .  vo l. o f Spec., VQ, (before suction) = 1482.96 x h = ..........  cc
Vol. a t end o f suction, V = V0 - AV = ........  cc
p
Area o f Spec, a t end o f suction, A-j = V/hp = ......... ...... ... cm^
Correction fo r  <?v = A^/A] = ..............
Vol. o f Spec, a t time o f te s t in g , V] = V - AV] = ..............  cc
Mass o f Spec, a t time o f te s t in g ,  M = Wp - W-j -  AV] = ............
«B = M/V-j = . . . . . .  Mg/M3
6 _ 6s *  e 
B 1 + e
^ ^B*® = + e
D _ 5max x Sd - ^min 
B 3max - 'Viin
PR = 6d - 1-33-  x 100 = ..............
6, 0.324
Q
Form A. Used in the ca lcu la tion  o f the re la t iv e  density o f the specimen.
LARGE TRIAXIAL TEST
TEST No. Date
Time
A xia l
S tra in
D ial
A xia l
Defor.
mm
a v
Kpa
Correc.
°v
Kpa
0H
Kpa
Vol.
Read.
cc
AV
cc
P.W.P.
Top
Kpa
P.W.P.
B o tt.
Kpa
Form B. Used in  the con so lid a tio n  stage o f  the specimen.
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. Date
O scilloscope Chart Recorder Computer Summary
Blow Osc. 1st 2nd Ch.Rec. 1st 2nd S ta rt 1st 2nd 1st 2nd
s e t t . peak peak s e t t . peak peak peak peak peak peak
N cm cm cm cm Kpa Kpa Kpa Kpa Kpa
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38 Form C Used fo r the pore pressur'e reaclings dijr in g  a
39 dynamic pe ne tra tion  te s t in g  in . th e  chamber
40 ...............
Dynamic Penetration Test in Large T riax ia l Specimen.
TEST No. Date
Blow
N
Depth
cm
Pen.
cm
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38 Form D Used fc)r record! ng depti o f  peneit r a t io r
39
40
APPENDIX VI 
PORE WATER PRESSURE READINGS FOR ALL TESTS
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 3 Date 24.3.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 O scilloscop t not u:>ed
1 100 mv -4 .0 +10 1.9 not rec:orded
2 2mm/s -0 .5 +13 2.1 not recorded
3 0 +10.5 2.4
4 -0 .5 + 8.3 2.8
5 0 + 9.8 3.0
6 0 +11.0 3.2
7 . 0 +11.0 3.5
8 -2 .3 +10.0 3.6 I  succe:ssive )lows
9 -2 .0 +14.0 3.8 1
10 0 + 4.8 4.0 -i successive blows
11 0 + 5.5 4.3 I
12 0 + 5.4 4.4
13 0 + 6.4 4.6
14 0 + 8.0 4.8 - successive >1 ows
15 0 +10.0 5.0
16 0 + 5.9 5.2
• successive
17 0 +11.4 5.4
18 0 +15.4 5.6 >lows
19 0 +16.4 5.8
20 0 +18.4 6.0
21 0 + 5.0 7.0
22 0 + 4.6
23 0 + 4.6
24 0 +10.5
25 0 +10.3
26 0 + 6.0
27 0 + 7.2
28 -1 .3 + 2 .8  •
29
30
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T 4 Date 14.4.81
Blow
N
Osci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak?
kN/m
2nd
peako
kN/m
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 O scilloscope not jsed -ve +ve not re<:orded
1 3.8 14.6 1.7
2 11.0 8.0 2.3
3 8.2 10.4 2.6
4 7.0 6.8 2.8
5 6.0 3.2 3.1
6 5.4 3.6 3.7
7 1.5 5.0 3.9
8 9.0 4.2 4.1
9 0 12.8 4.1
10 0 4.6 4.4
11 2 1.6 4.6
12 3 2.4 4.3
13 0 1.6 4.6
14 1.0 1.4 4.7
15 3.8 1.0 4.9
16 1.8 0.6 5.0
17 1.2 0.6 5.1
18 0.4 1.3 5.3
19 0.7 0.9 5.3
20 0.4 2.2 5.6
21 1.2 0.4 6.4
22 1.4 0.6 6.6
23 1.1 0.7 6.8
24 0.8 1.0 6.9
25 2.0 4.0 7.1
26 2.5 0.5 7.4
27 1.8 2.7 7.6
28 2.0 2.7 7.9
29 5.4 2.8 8.2
30 5.8 8.2 8.5
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in  Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T 8 Date
Osci1loscope Chart Recorder Computer Summary
Blow
N
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 50m V/Div +ve lV.FSD +ve +ve
1 >6 5mm/s + 3 0 0.6 11.7
2 0.2 V/Div + 5 0.1V +19 55 0.7 6.3
3 + 5.7 +18 65 0.7 12.3
4 + 5.4 +17 65 0.7 12.8
5 +>6 +20 40 0.7 26.9
6 +>6 >20 6 0.8 7.9
7 0.5 V/Div + 2.1 >20 6 0.9 26.8
8 0.2 V/Div + 5.8 >20 65 1.0 27.6
9 + 5.3 >20 6 1.1 26.9
10 + 6.2 lV.FSD + 4 9 1.2 13.7
11 + 4.9 5mm/s + 4 5 1.4 25.3
12 + 6.9 + 4 3 1.5 12.3
13 + 5.7 + 4 3 1.6 9.5
14 + 5.0 + 4 15 1.7 9.9
15 + 5.8 + 3 7 1.8 11.2
16 + 5.0 + 3 4 2.0 7.5
17 + 4.4 + 3 2 2.1 7.1
18 + 4.2 + 3 3 2.3 6.5
19 + 3.5 + 3 65 2.4 12.3
20 + 3.9 + 3 50 2.6 7.4
21 + 4.1 + 3 20 2.7 22.5
22 + 5.3 + 2 9 2.9 9.1
23 + 5.2 + 2 6 3.0 11.1
24 + 5.7 + 2 6 3.2 20.5
25 + 4.2 + 2 2 3.5 7.8
26 + 3.3 + 2 8 3.6 8.2
27 + 4.6 + 3 0 3.8 8.8
28 + 5.0 + 3 3 3.9 8.3
29 + 4.8 + 3 6 4.2 10.2
30 + 4.0 + 3 5 4.3 11.9
31 + 6.8 + 3 7 4.4 41.6
32 + 4.5 + 3 5 4.6 9.9
33 + 3.9 + 3 1 4.7 26.5.
34 + 5.0 + 2 8 4.8 10.7
35 + 4.1 + 2 5 4.8 11.6
36 + 5.2 + 2 5 4.9 10.1
37 + 3.8 + 2 7 5.0 18.3
38 + 4.8 + 2 8 5.1 23.5
39 + 4.7 + 2 6 5.2 14.9
40 + 4.6 + 2 8 5.3 11.5
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T 8 continued Date
Blow 
N •
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd 
peak 
. cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 +ve +ve +ve
41 + 3.2 + 2.8 5.4 9.9
42 + 4.2 + 2.8 5.5 10.3
43 + 4.0 + 3.3 5.7 20.8
44 + 3:0 + 3.0 5.9 29.6
45 + 4.4 + 3.0 5.9 18.9
46 + 3.3 + 3.2 5.9 11.9
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T 10 Date 3.7 .81
Blow
N
O sci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
1 0.2 V/Div 6.8 1 V.FSD >+13 1.1 _
2 1 V/Div 1.4 10 V.FSD + 1.8 2.0 +51.6
3 0.5 V/D1v 1.3 1 V.FSD + 4.7 3.6 +19.2
4 0.2 V/Div 2.6 +15 4.2 +64.2 Liquefcic t io n
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T i l  Date 14.7.81
O scilloscope Chart Recorder Computer Summa ry
Blow
N
Osc.
s e t t .
1st '  
peak 
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 -ve +ve
1 1V/FSD -3 .7 +0.8 0.5 -  1 + 2 1
2 -3 .0 +0.6 0.7 + 1 6
3 -2 .6 +0.9 0.8 -35.4 + 1 6
4 0.1 V/cm -4 .0 +3.7 -2 .4 +0.6 0.8 + 2 6
5 -2 .0 +0.6 0.7 + 2 1
6 -4 .0 +4.0 -1 .9 +0.3 0.7 + 1 5
7 -4 .0 +4.0 -2 .0 +0.5 0.9 -62.7 + 2 1
8 -1 .7 +0.3 1.0 + 1 6
9 -1 .7 +0.3 1.2 + 1 7
10 -1 .6 +0.3 1.3 + 3 3
11 -1 .6 ‘ +0.3 1.4 + 3 1
12 -1 .7 +0.3 1.4 + 2 8
13 -1 .1 +0.6 1.5 + 2 5
14 -1 .3 +0.7 1.8 + 2 7
15 0.5 V/cm -4 .0 +0.5 -1 .4 +0.5 1.7 + 2 6
16 -3 .4 +1.5 -0 .8 +0.7 1.7 + 2 9
17 -0 .8 +0.6 1.8 + 2 9
18 -2 .2 -0 .5 +1.0 1.9 + 5 2
19 -0 .6 +0.9 2.1 +11 2
20 -0 .5 +1.0 2.3 + 5 9
21 -0 .5 +0.8 2.4 -23.7 + 4 0
22 0.2 V/cm -4 .0 +2.2 -0 .4 +1.0 2.4 + 5 3
23 1.0 V/cm -1 .5 +1.0 -0 .4 +0.8 2.6
24 -0 .6 +0.8 2.7 + 5 3
25 0.5 V/cm -3 .4 +2.4 -0 .9 +0.6 2.9 + 5 7
26 -0 .9 +0.5 3.0 + 6 7
27 -3 .8 +2.4 lOOmv +6.9 3.2 + 6 4
28 -3 .6 +2.2 +5.6 3.3
29 -4 .0 +2.8 +6.2 3.4 -32 .4 + 4 1
30 -0 .8 +0.5 3.5 +20 0
31 -0 .4 +0.6 3.5 -  5.5 + 5 0
32 -3 .4 +2.5 -0 .6 +0.7 3.7 + 7 6
33 -3 .0 +2.7 -0 .4 +0.6 3.8 + 3 2
34 -3 .2 +2.4 -0 .6 +0.4 3.9 -  3.7 + 4 7
35 -3 .0 +2.4 -0 .5 +0.4 4.0 + 8 6
36 -0 .7 +0.2 4.1 + 6 0
37 -3 .9 +2.6 -0 .3 +0.5 4.2 + 6 3
38 -4 .0 +2.5 -0 .6 +0.4 4.2 -  2.6 + 5 0
39 -4 .0 +2.4 -0 .8 +0.2 4.3 +11 4
40 -3 .8 +2.5 -0 .5 +0.5 4.4 -14.5 + 5 7
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T i l  continued Date 14.7.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd 
peak 
. cm
S ta rt
Kpa
1st
peak
Kpa
2nd 
peak 
. Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 -ve +ve
41 . -4 .0 +2.4 -0 .8 +0.3 4.6 -21.4 +5.2
42 -3 .5 +2.4 -0 .9 +0.2 4.7 +9.0
43 -4 .0 +2.8 -0 .9 +1.0 4.7 +6.7
44 -4 .0 +2.6 -1 .2 +0.6 4.9 -  5.2 +5.7
45 -4 .6 +2.9 -1 .6 +0.3 4.9 +5.2
46 -4 .6 +2.6 -1 .6 +0.3 5.0 +5.8
47 -5 .0 +2.6 -1 .6 +0.3 5.1 +5.8
48 -5 .0 +3.0 -1 .6 +0.1 5.2 +7.7
49 -5 .0 +2.6 -1 .6 +0.1 5.2 +5.4
50 -5 .0 +2.8 -1 .3 +0.2 5.3 +9.0
51 -5 .0 +3.0 -1 .0 +0.2 5.4 -26.7 +5.9
52 -4 .9 +3.0 -0 .9 +0.6 5.5 +9.8
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
Dynamic Penetration Test In Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T12 Date 28.7.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
0.5 v /D iv  
50ms/Div
1V.FSD
1 -4+ +3.2 1.1 9.9
2 -2 2+ +8.0 1.1 45.9
3 -2 3+ +8.5 0.9 32.2
4 -3+ 2.2 1 -0 .7 +3.2 3.1 16.4
5 -3 .2 2.5 +5.6 4.0 29.2
6 -4 • 3.2 +4.6 4.8 36.4
7 -2 4.0 +5.3 5.3 38.7
8 -2 .5 4.2 -0 .2 +0.9 5.7 13.4
9 -4.0+ 2.0 -1 .6 +0.8 5.9 -37 +6.9
10 -4.0+ 2.0 -1 .7 +1.3 6.1 4.9 7.5
11 -5.0+ 2.0 -1 .0 +0.7 6.2 10.3
12 -4 .5 3.0+ -0 .4 +1.2 6.3 13.5
13 -4 .0 2.2 -0 .2 +1.7 6.6 12.9
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T13 Date 22.9.81
Blow
N
Osci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st 
peak 
cm ‘
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
1
0.5 v /D iv  
20 ms/Div 1V.FSD 1.2
2 +1.9 -2 .0 -1 .5 1.2 _ +1.5
3 +2.1 -2 .0 +0.1 -1 .2 1.6 - +2.5
4 +1.4 -2 .4 -1 .5 1.2 -23.5 +1.9
5 +2.0 -2 .2 -1 .8 1.2 -12.7 +1.5
6 - - +0.2 -1 .3 1.3 - +1.8
7 +2.0 -2 .1 +0.4 -1 .3 1.4 -  5.3 +1.9
8 +2.0 -2 .0 -1 .1 +0.3 1.5 -15.9 +2.3
9 +1.6 -2 .2 -1 .0 +0.2 1.6 - +3.3
10 +1.3 -2 .2 -0 .65 +0.45 1.6 -  2.0 +2.9
11 5 ms/Div - - lOOmV/FSD -0 .3 +1.8 1.7 - +2.1
12 10 ms/Div +1.4 -2 .2 -2 .0 +2.0 1.8 -15.9 +2.5
13 +0.9 -2 .2 -0 .9 +2.6 1.8 - +3.8
14 +0.6 -2 .0 -1 .0 +3.1 1.8 -  4.0 +2.4
15 +0.6 -2 .2 -0 .9 +1.9 1.8 - +3.2
16 - - -0 .6 +2.8 1.9 - +4.5
17 +0.7 -2 .0 -1 .0 +2.9 2.0 -1 .6 +2.6
18 +1.8 -2 .1 -0 .8 +3.3 2.1 _ +3.8
19 +1.0 -2 .0 -1 .3 +3.5 2.1 - +3.6
20 +2.2 -2 .2 - +3.8 2.2 - +5.5
21 +1.8 -2 .4 -1 .6 +1.6 2.2 - +2.9
22 +2.6 -2 .4 - +5.2 2.3 - +4.1
23 +2.2 -2 .5 _ +3.0 2.3 - +3.9
24 +1.2 -2 .3 -0 .5 +5.0 2.3 - +5.1
25 +0.2 -2 .4 -1 .0 +4.3 2.3 - +4.4
26 +2.8 -2 .5 -0 .5 +3.7 2.4 - +4.7
27 - - -0 .5 +4.2 2.1 - +5.1
28 _ _ -0 .7 +2.1 2.3 -  1.3 +3.3
29 _ _ -0 .7 +3.3 2.4 - +5.0
30 _ _ - 2.0 2.4 - +2.9
31 +2.4 -2 .2 -1 .0 +3.2 2.5 -  1.2 +4.9
32 _ _ -1 .2 +2.8 2.6 -12 .8 +4.3
33 . _ - +5.6 2.8 - +4.7
34 +1.0 -2 .5 -1 .1 +2.6 2.8 -20.3 +3.4
35 _ _ - +6.2 2.6 - +5.9
36 _ _ . +4.4 2.8 - +7.3
37 _ - - +3.5 3.0 - +4.0
38 _ _ - • +4.2 3.1 - + 7.6
39 +1.1 -2 .7 -1 .9 +1.2 3.2 - + 4.8
40 . +0.7 -2 .6 -2 .4 - 3.2 - + 3.5
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings;
TEST No. T13 continued Date 22.9.81
Blow
N
O sci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
41 +1.2 -2 .7 -2 .1 +1.0 3.4 -13.4 +4.6
42 +1.0 -2 .6 -1 .2 +1.2 3.4 -  9.4 +3.8
43 +0.6 -2 .7 -0 .4 +2.7 3.4 _ +4.7
44 - -  ■ -1 .4 +0.3 . 3.4 _ +4.3
45 20 m s/div +3.0 -2 .0 - +3.1 3.4 -10.7 +4.0
46 - - +2.6 3.6 _  . +4.0
47 +0.5 -2 .8 -0 .6 +1.5 3.7 _ - +6.1
48 50 m s/div +2.2 -2 .8 -0 .3 +2.1 3.7 -  3.3 +4.1
49 +2.1 -2.7 - +2.2 3.8 - +5.9
50 +1.1 -2 .5 -0 .2 +4.3 3.9 _ +5.4
51 +0.9 -2.7 -2 .1 - 4.0 _ +3.6
52 +1.9 -2.4 - +3.4 4.0 - +5.7
53 +1.8 -2 .8 - +4.2 4.1 _ +7.6
54 +1.0 -2.8 - +2.0 4.2 - +4.7
55 +0.7 -2.6 -0 .5 +2 .0 ' 4.2 - +5.2
56 +2.0 -2 .8 - +5.1 4.3 -  7.1 +5.0
57 +2.1 -3 .0 - +4.4 4.3 -11.2 +4.6
58 +0.8 -2 .4 -0 .5 +1.0 4.4 - +6.9
59 +2.6 -2 .2 -0 .2 +1.5 4.5 - +5.6
60 +2.6 -2 .6 .. +4.7 4.6 _ +11.4
61 +2.0 -2 .6 - +2.5 4.6 _ +5.1
62 +2.5 -3 .1 - +5.1 4.7 _ +5.9
63 +2.5 -3 .3 +1.9 -2 .3 4.8 _ +6.3
64 _ +1.3 -0 .7 4.5 _ _
65 +2.0 -3 .8 -2 .5 5.1 + 4.6 +6.4
66 ? -3 .8 -4 .0 - 5.1 -16 .0 _
67 +2.0 -3 .6 -4 .0 - 5.2 -  8 .8 _
68 ? -3 .4 -4 .4 - 5.2 + 4.3 -
69 +2.2 -3 .7 -3 .0 +5.2 5.2 -  6.8 +6.1
70 +2.0 -4 .0 +3.0 -4 .4 5.3 + 3.2 +5.7
71 +1.7 -3 .9 +1.5 -4 .0 4.9 -22 .5 -
72 +1.2 -3 .6 +3.1 -3 .4 5.0 + 4.3 +5.7
73 +2.1 -3 .6 +0.8 -6 .4 5.1 + 4.1 -
74 +2.1 -3 .5 +2.6 -2 .9 5.2 -18 .8 +5.7
75 _ _ +3.1 -6 .0 5.2 -21 .8 +5.8
76 +1.9 -4 .0 +4.6 -4 .1 5.3 -22 .8 +5.9
77 +1.6 -4 .2 +1.3 -4 .4 5.4 + 3.8 +5.7
78 +2.6 -4 .0 +2.0 -5 .1 5.4 + 3.9 +5.8
79 _ +1.9 -6 .8 5.5 + 4.1 +6.5
80 +2.4 -3 .6 +2.3 -4 .6 5.4 + 3.6 +5.8
81 +2.4 -4 .1 +4.0 -1 .3 5.5 -  0.7 +11.7
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No.14 Date 29.9.82
Blow
N
Osci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
•peak
Kpa
0
6.5 v /D iv  
10 ms/Div
lOOmv/fSD
2mm/sec
1 +0.9 -5 .0 0.7 -3 .6 + 5.2
2 - -0 .4 +2.0 0.9 -0 .5 + 8.9
3 5 ms/Div -4 .2 +2.4 -0 .4 +1.9 0.8 _ + 7.9
4 50 ms/Div - - - +2.2 1.0 +0.8 +10.0
5 5 ms/Div -4 .2 +2.6 0.4 +2.0 1.1 -  . + 7.4
6 -4 .2 +2.6 - +2.5 0.65 _ +14.5
7 - - - +2.6 1.1 _ + 9.1
8 -2 .3 +3.1 - +3.3 1.2 - +25.3
9 -1 .8 +2.3 - +3.2 1.3 _ +10.0
10 -1 .6 +3.0 - +3.7 1.4 _ +10.7
11 -1 .6 +2.8 _ +3.2 1.6 _ + 9.8
12 -2 .2 +2.8 ■- +3.2 1.7 - +10.0
13 -3 .4 +2.4 -0 .2 +2.6 1.7 -6 .8 + 7.3
14 -3 .0 +1.9 -0 .3 +2.3 1.5 -7 .3 + 7.2
15 -3 .4 +1.9 5mm/sec -0 .2 +2.5 1.7 -11 .2 + 6.2
16 -3 .5 +2.1 2mm/sec -0 .2 +2.6 1.8 - + 8.3
17 -3 .8 +1.9 -0 .2 +2.6 1.9 _ + 8.5
18 -2 .3 +2.6 - +3.4 1.9 - +16.9
19 -1 .8 +2.4 - +3.6 2.1 - +23.3
20 -1 .6 +2.2 - +3.8 0.9 - + 8.5
21 -1 .2 +2.5 - +3.9 1.1 - +10.2
22 10 ms/Div -1 .3 +4.5 - +3.2 1.1 - + 7.3
23 2 ms/Div _ - - +3.2 1.3 ' - + 6.0
24 5 ms/Div _ _ - +3.0 1.5 - +12.9
25 -1 .0 +2.0 - +2.3 1,7 - + 6.9
26 -2 .4 +1.8 -0 .2 +1.6 1.9 - +15.2
27 -2 .6 +2.4 -0 .2 +1.9 2.0 -4 .5 + 5.1
28 -2 .2 +2.1 -0 .1 +1.9 2.2 - +12.3
29 -2 .6 +1.5 -0 .1 +2.4 2.1 -■ + 6.9
30 50 ms/Div -1 .4 +2.2 - +2.8 2.3 - +25.6
31 -1 .2 +3.7 - +3.1 3.4 - + 6.9
32 -0 .8 +4.0 - +3.0 2.7 - + 8.0
33 -1 .2 +4.4 _ +4.1 2.9 - +42.4
34 -1 .0 +4.4 - +3.8 3.2 - +27.9
35 -0 .8 +4.5 - +3.6 3.4 - + 9.0
36 -1 .3 +3.0 _ +2.4 3.4 - + 6.6
37 -3 .0 +1.8 -0 .2 +1.6 3.7 - + 8.9
38 -3 .5 +1.2 -0 .7 +1.4 3.8 - + 7.3
39 -4 .0 +1.4 -0 .6 +1.4 3.9 - + 7.6
40 -5 .4 +1.2 -0 .6 +1.5 4.0 - + 8.5
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. T14 continued Date29.9.82
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 50 m s/div
41 - - -0 .6 +1.3 4.1 - +8.2
42 -3 .4 +1.6 -0 .2 +1.5 4.2 - ■ +7.3
43 -5 .0 +1.5 -0 .3 +1.5 4.2 - +7.2
44 -4 .2 +1.8 - +1.4 4.3 _ +7.3
45 -4 .0 +2.0 -0 .2 +1.6 4.4 -3 .9 +7.0
46 -3 .3 +2.4 -  . +1.5 4.6 - +18.5
47 -2 .6 +3.4 - +1.5 4.6 +2.8 +6.8
48 -1 .4 +2.6 - +2.0 4.6 - +8.1 1
49 - - - +2.1 4.6 - +13.5
50 -2 .2 +2.4 - +2.4 4.8 - +18.4
51 -2 .0 +3.4 - +2.4 4.9 - +8.2
52 -1 .5 +4.4 - +2.5 5.1 - +21.1
53 -2 .7 +4.4 - +2.1 5.2 - +10.3
54 -1 .1 +4.2 - +2.3 5.3 - +11.8
55
56
57
58
59
60
61
62 ■ -
63
64
65
66
67
68
69
70 -
71
72
73
74 ■
75
76
77
78
79
80
Dynamic Penetration Test 1n Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 15 Date 12.10.82
Blow
N
Osci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
1
0.2v/D iv  
20 ms/sec +1.1
1V/ESU
2mm/sec 0 .7 , -4 +0.5 0.7 -19
2 +2.1 1 .7 ,-1 .8 +0.7 1.0 _
3
0.5v /D iv  
20 ms/Div -3 .0 ? 2 .1 ,-1 .0 +1.8 1.3 -33.5
4 -1 .1 +1.8 +4.7 1.8 +15.7
5 2.4 _
6 +2.0 -4 .0 + 1 .8 .-0 .5 +1.8 2.7 +17.5 16.2
7 -2 .0 +2.0 +3.3 2.9 _  ■
8 +4.6 3.6 -
9 -2 .4 +2.0 + 0 .8 .- .8 +1.3 4.2 +8.8 -2 ,+ 7 .5
10 +2.0 4.5 +8.3
11 erasec a c c id e n ta lly +3.1 4.7 -
12 -1 .0 +2.0 +3.2 5.1 +30.6
13 -1 .4 +2.0 +2.8 5.3 +11.8
14 - - + 0 .9 .-0 .5 +1.9 - -
15 -3 .0 ? + 1 .4 .-0 .5 +2.0 5.7 +24.2
16 -3 .5 ? + 1 .8 .-0 .6 +2.1 5.9 +21.8
17 -2 .5 +1.2 -0 .7 +2.0 6.2 +12.9
18 -2 .5 +1.2 + 0 .5 .-0 .5 +2.5 6.5
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
i
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
*No t r ig g e r  out o f p ic tu re . TEST No. 16 Date 16.10.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 10 ms/Div 1V/FSD
1 0.5  v /D iv -5.0? 1.7 2mm/sec -2 .7 +1.0 0.4 +0.2 +6.5
2 -3 .4 1.8 -0 .5 +3.0 0.7 ? +15.5
3 No T rigg e r - +6.0 1.3 ? +31.8
4 No T rigge r -0 .5 +5.0 2.3 ? +23.1
5 No T rigg e r - +6.2 3.3 -0 .5 +15.4
6 20 ms/Div -1 .3 +2.3 - +4.3 4.4 7 +11.9
7 -2 .0 +2.7 - +4.0 4.9 mi ssed missed
8 -4.5? ★ -1 .9 +2.0 5.3 -66 .8 +10.7
9 -4 .5 1.8 -1 .4 +1.9
10 -3 .4 2.0 - +7.2
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 17 Date 27.10.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 lv/FSD
1 0.5v 20ms -4 .5 +0.6 2mm/sec -2 ,6 +3.5 2 -0 .5 +3.7
2 -4 .5 +1.0 -2 .5 +2.6 0 -20 3.8
3 -5 .0 +1.2 -2 .8 +2.7 0 -39 +4.5
4 -5 .0 +1.6 - +3.7 +0.5 ? +18.6
5 -2 .5 +3.0 * - +7.6 +2.5 ? +31.7 no neg. shown
6 - +3.0 - >+9.0 +5.3 missed 1 iq u e fa c tio n
7
8
9 •
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35 -
36
37
38
39
40
Dynamic Penetration Test in  Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 18 Date 5.11.81
O scilloscope Chart Recorder Computer Summa ry
Blow
N
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 20 m s/div lv=20ms Speed=2mni/sec 0
1 -3 .0 0 -2 .7 +2.0 -20 .7 +5,2
2 -1 .0 +2.8 - +7.1 0.3 - +41.5
3* -1 .4 +1.0 -1 .1 +2.6 1.4 - +7.4 *p ress iire
4 -0 .6 +1.4 _ +3.4 1.3 _ +9.0 increased
5 -0 .6 +2.8 +5.0 1.6 - +11.4 from 50-80
6 - +1.4 - +3.9 2.0 _ +6.9 kN/m2
7 - +0.6 - +2.4 2.4 _ +8.0
8* -0 .9 +0.7 -0 .2 +1.5 2.7 - - +7.0 ♦pressure
9 No t n gger - +1.3 0.6 -3 .1 +2.2 increased
10 - +1.0 - +1.9 0.8 - +5.4 from 80-110
11 - +1.5 - +2.3 -3 .1 - +10.3 kN/m2
12 No t n gger - +2.2 -3 .0 - -1 .9
13 No t r ig g e r - +1.3 -3 .1 ' - 0
14 -0 .9 +0.5 -0 .2 +0.95 -3 .1 -4 .7 -1 .5
15 - K 0 +0.6 -0 .1 +1.4 -2 .8 - -1 .0
16 _ +0.4 - +1.8 -2 .6 - 0.1
17 - +0.8 - +2.4 -2 .6 - 2.6
18 _ +1.0 - +2.1 -2 .4 - 7.3
19* - +1.4 - +2.8 -2 .4 - 0 ♦pressiire
20 - +1.4 _ +2.1 -27 .7 - -13 .8 increased
21 - +2.0 - +2.5 -27.2 - -11 .6 from 110-140
22 - +1.3 - +2.2 -27.1 - -24 .8 kN/m2 l e f t
23 - +0.7 - +1.5 -26.9 - -23 .3 ove rn igh t a t
24 -1 .0 +0.7 -0 .2 +1.3 -26.9 -33.3 -24 .8 140 kN/m2
25 -1 .2 +0.7 -0 .2 +1.4 -26 .8 - -23 .1
26 -1 .3 +0.6 -0 .3 +1.3 -26 .6 -31.2 -24 .3
27 -1 .1 +1.1 -0 .1 +1.7 -26.4 - -20 .9
28 -1 .2 +1.1 - +2.1 -26.2 - -23 .0
29 -1 .1 +1.2 - +2.9 -26.2 -7 .3
30 _ +1.8 - +3.2 -26 .0 - -15 .4
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 19 Date 12.11.81
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 20 ms/d1v 0.5 vo ts /d iv
lV/FSD 
2mm/sec 0
1 No T rigg e r +0.2 -6 .3 _ -58 .5
2 +0.6 -3 .0 - -4 .9 -1 .1 -43 .7
3 - -2 .7 - -4 .0 -0 .6 -5 .2
4 - -2 .7 - -3 .9 -1 .0 _ -4 .9
5 •- -2 .4 - -3 .3 -1 .3 _ -21 .5
6 - -2 .5 - -2 .7 -1 .6 _ -9 .8
7 ■ - -2 .2 - -3 .4 -1 .8 -5 .3
8 - -2 .1 -2 .1 +0.1 -2 .2 -2 .9 -1 .3
9 +0.8 -2 .3 +0.6 -2 .7 -2 .0 -1 .5 -13 .4
10 +0.8 -2 .2 - -2 .8 -2 .1 - -3 .4
11 +0.5 -2 .1 -2 .4 +0.1 -2 .3 -24 .4 -1 .7
12 - -2 .1 - -2 .4 . -2 .9 - -14 .8
13 No T rigge r - - +0.7 -2 .6 -3 .1 -2 .5 -25 .6
14 +0.3 -2 .0 - 2.4 -3 .2 - -2 .3
15 +0.5 -1 .9 - -2 .6 -3 .2 - -31 .5
16 +0.4 -1 .9 -2 .1 +0.2 -3 .4 -5 .6 -2 .9
17 +1.1 -2 .0 -2 .1 +0.3 -3 .2 _ -0 .2
18 +0.6 -2 .1 -2 .5 +0.2 -3 .0 -5 .2 -2 .8
19 +1.1 -2 .2 +0.7 -2 .7 -3 .1 -0 .5 -14 .0
20 +1.0 -2 .1 -2 .4 +0.3 -2 .9 -7 .2 -2 .5
21 +0.4 -2 .1 -2 .3 +0.2 -2 .8 -33.7 -1 .4
22 +0.4 -2 .1 -2 .4 +0.3 -2 .9 -21 .6 -2 .3
23 +0.5 -2 .0 - -2 .5 -2 .7 - -27 .7
24 +0.7 -2 .0 -2 .5 +0.3 -2 .9 -9 .6 -2 .1
25 +0.4 -2 .1 -2 .6 +0.2 -2 .6 -22 .7 -2 .0
26 +0.2 -2 .0 - -2 .7 -2 .6 - -33 .1
27 +0.4 -2 .0 - -2 .6 -2 .7 -12.1 -2 .2
28 +0.2 -1 .8 +0.2 -2 .5 -2 .9 - -3 .4
29 +0.6 -1 .8 -2 .3 -0 .2 -3 .1 -5 .4 -2 .7
30 +0.4 -1 .8 +0.5 -2 .5 -2 .9 -2 .0 -3 .6
31 -1 .1 -1 .9 +1.0 -2 .4 -2 .8 -0 .0 -13 .4
32 +0.3 -1 .7 -2 .4 +0.1 -2 .5 - -2 .2
33 +0.6 -1 .6 +1.1 -2 .4 -2 .3 -1 .3 -28 .3
34 +1.0 -1 .5 -2 .3 +0.1 -2 .1 -1 .7 -3 .3
35 +0.5 -1 .5 - -2 .3 -2 .0 - -1 .7
36 +0.7 -1 .6 - -2 .7 -1 .8 - -6 .1
37 +1*1 -1 .6 +0.4 -2 .6 -1 .9 -1 .2 -28 .3
38 +0.9 -1 .6 +0.1 -2 .4 -1 .8 -1 .6 -24.9
39 +0.5 -1 .4 +0.3 -2 .2 -1 .6 -1 .2 -23 .7
40 +0.5 -1 .4 +0.1 -2 .5 -1 .7 -1 .5 -24 .7
Dynamic Penetration Test In Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 19 continued Date 12.11.81
Blow
N
O sci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
41 +0.4 -1 .4 - -2 .6 -2 .0 _ -14.1
42 +1.2 -1 .4 +0.1 -2 .1 -2 .2 - -9 .6
43 +0.7 -1 .6 - -2 .3 -2 .0 -1 .7 -7 .9
44 +0.5 -1 .6 -2 .1 +0.1 -1 .9 -15.1 -1 .5
45 +0.5 -1 .7 -2 .1 - -1 .8 -8 .3 -1 .6
46 +1.0 -1 .8 -2 .1 +0.1 -1 .8 -27.6 -  1.4
47 +0.2 -1 .9 - -2 .4 -1 .5 _ -31 .6
48 +0.4 -1 .9 - -2 .0 -1 .5 0.0
49 +0.7 -1 .8 - -2 .0 -1 .4 -4 .2 -1 .2
50 +0.7 -1 .7 ■ - -2 .0 -1 .4 -8 .2 -1 .1
51 No T rigg e r +0.35 -2 .1 -0 .1 +0.1 -18 .4 lunch break
52 +1.1 -1 .8 -1 .9 +0.1 -0 .15 -1 .8 0.0
53 +0.8 -1 .8 -1 .6 +0.1 0.0 _ 1.3
54 +1.2 -2 .0 -2 .1 +0.1 0.2 0.7 -15.1
55 +0.7 -2 .1 +1.1 -2 .0 0.3 3.5 -22 .4
56 +0.7 -2 .2 -2 .1 0.6 - -23 .6
57 +1.0 -2 .1 -1 .9 -0 .1 0.6 +0.5 +0.9
58 +0.4 -2 .2 - -2 .0 0.8 0.3 1.2
59 +1.0 -2 .2 +0.1 -2 .1 1.0 1.5 -30 .6
60 +0.4 -2 .2 +0.8 -2 .2 1.0 2.2 -4 .7
61 +1.1 -2 .1 - -2 .5 1.4 - -16.1
62 +0.6 -2 .1 +1.0 -1 .6 1.4 8.1 1.0
63 +0.7 -2 .1 -2 .4 1.5 - -12 .3
64 +0.4 -2 .1 - -2 .2 1.5 - -3 .0
65 +0.6 -2 .2 _ -2 .5 1.6 - -2 .9
66 +0.6 -2 .2 +1.2 -2 .4 1.6 3.2 1.0
67 +0.5 -2 .3 +0.1 -2 .8 1.8 2.2 -16.7
68 +1.0 -2 .2 - -2 .4 1.8 -3 .9 +2.9
69 +0.4 -2 .2 - -2 .5 1.9 - -6 .8
70 +0.4 -2 .3 +0.6 -2 .3 1.9 3.2 -2 .6
71
72
73
74
75
76
77
78
79
80
Dynamic Penetration Test 1n Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 20 Date 27.11.81
Blow
N
O sci1loscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 1V/FSD 0.4
1 0 .5 /20  ms -5 .0 0 2mm/sec -3 .8 +1.2 -67.1 2.5
2 -4 .9 0 -2 .8 +1.2 0.6 -3 .1 2.9
3 No t r “igge r -1 .1 +2.8 0.8 -1 .8 6.9
4 -1 +3 - +3.5 +9.4 no neg
5 -4 +1 -1 .2 +3.6 1.9 +10.6 no neg
6 L iqu e fac t' on +1.5 >+10 3.2 +20.8, 19 .5 ,25 .3 ,34 . 1,34.9
7 34 .5 ,33 .8  & then d is s ip a t io n
8 33.1 31.4 30.1 28.8
9 27.6 26.7 26.3 26.1
10 26.0 25.8 25.7 25.6
11 25.6 25.6 27.3 26.9
12 26.2 _ 6.9
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36 ■ '
37
38
39
40
Dynamic Penetration Test in  Large T riax ia l Specimen. P.W.P. Readings:
TEST No. 21 Date 11.12.81
B1 ow 
N
Osci1loscope Chart Recorder Computer Summa ry
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0 0.5v/20
lV/fSD
2mm/sec 0.4
1 no t r ig g e r -1 .2 +0.5 0.4 -4 .0 _
2 ? -0 .2 - -0 .5 +0.5 0.6 -1 .7 _
3 no t r ig g e r -0 .3 +0.7 0.8 +0.5 2.3
4 no t r ig g e r - +1.2 1.1 +3.5
5 ? -0 .2 +0.2 _  . +1.5 1.6 +4.4
6 0 .5 /50 no t rg +1.4 1.9 +4.7 -
7 no t rg - +2.1 2.5 +7.0 ■ -
8 -0 .2 +0.2 -0 .5 +1.7 3.7 +7.1
9 0.5 /20 -0 .2 +0.2 - +4.4 0 +8.7
10 ? -0 .4 +0.4 -0 .7 +1.5 5.3 +8.2 sudden change
11 ? -0 .4 +0.4 -0 .4 +1.0 +5.9 +8.0 - in  s ta r t
12 -0 .4 +0.4 -0 .3 +0.8 6.1 +7.7
13 -0 .6 +0.4 _ +2.4 6.3 +11.4
14 '
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
Dynamic Penetration Test in  Large T ria x ia l Specimen. P.W.P. Readings;
WOOLWICH GREEN COARSE SAND TEST No. T22 Date 8.3 .82
Blow
N
O scilloscope Chart Recorder Computer Summary
Osc.
s e t t .
1st
peak
cm
2nd
peak
cm
Ch.Rec.
s e t t .
1st
peak
cm
2nd
peak
cm
S ta rt
Kpa
1st
peak
Kpa
2nd
peak
Kpa
1st
peak
Kpa
2nd
peak
Kpa
0
0.5 v /D iv  
20 ms/Div 1V/FSD 0.4
1 3.8 4.0 - +2.6 0.4 3.2 _
2 3.2 3.6 - +2.6 0.8 8.6 ■ -  .
3 3.6 3.6 - +3.0 1.3 9.8 _
4 4.0 3.8 - +2.7 1.9 7.1 -
5 3.5 3.0 - +2.1 2.5 8.6 _
6 3.5 3.2 - +1.9 3.0 8.2 _
7 3.5 3.6 - +2.0 3.7 11.2 _  ■
8 3.5 4.0 - +2.0 4.2 10.5 -
9 3.6 3.6 - +3.7 4.7 12.8 . -
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
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SUMMARY
This paper presents a study of the excess 
pore water pressures generated at the tip 
of a cone penetrometer during dynamic 
penetration testing in a fine sand. For 
this purpose a large triaxial chamber was 
constructed in which a sand specimen 435mm 
in diameter and 630-690mm in height could 
be housed. A brief description of the test­
ing chamber is given together, with details 
of the penetrometer used. ’• The results show 
that negative pore water pressures are set 
up in medium dense, dense and very dense 
specimens; positive pore pressures are set 
up in loose specimens which may cause 
liquefaction of specimens which are 
confined under low mean effective principal 
stresses.
INTRODUCTION
In 1948 Terzaghi and Peck proposed a cor­
rection for SPT results in very fine or 
fine silty sands below the water table.
When 'N' values were greater than 15 it was 
proposed that they should be reduced. The 
assumption was that dense sands would dilate 
during driving, leading to overestimates of 
relative density. Thus loose sands might 
be expected to generate positive excess 
pore pressures, and reduce driving resis­
tance. The measurement of excess pore 
pressures during driving is difficult, 
requiring a system with a very rapid 
response time. Thus the introduction of 
the pore pressure transducer to the test­
ing of soil, in the late 1950's,(for 
example Whitman, Richardson and Healy 
(1961)) marked the earliest time for this 
work to be undertaken.
Attempts to measure the excess pore 
water pressure generated during advancement
of a penetrometer are relatively recent.
The importance of this problem was pointed 
out at the First European Symposium on 
Penetration Testing in Stockholm, (Senneset 
1974, Janbu and Senneset 1974, Schmertmann 
1974, Hansbo 1974, Bemben and Myers 1974, 
and Kok 1974) and indeed in the Group 
Discussions on future developments it was 
pointed out that it is especially important 
to study the pore water pressure developed 
around the tip of a penetrometer and the 
rate effect during quasi-static penetration. 
Most of the attention, however, was given 
to quasi-static penetration and no mention 
was given to the pore water pressures 
developed around the tip of a penetrometer 
during dynamic penetration. Subsequently, 
work on the magnitudes of pore pressures 
generated during quasi-static penetration 
testing has been reported by Wissa et al 
(1975), Torstenson (1975), Massarch et al 
(1975), Baligh et al (1977), and Rocha Filho 
(1979).
For the specific case of pore water pres­
sure generated during dynamic penetration 
of a cone, the information from literature 
is rather scarce. Where available, it 
deals with the excess pore pressures built 
up during pile driving, and this is mainly 
in clay soils. Pore pressures in sand have 
been measured by Moller and Bergdahl (1981).
This paper reviews an experimental invest­
igation carried out in order to study the 
excess pore water pressures set up around 
the tip of a dynamic penetrometer.
GENERAL DESCRIPTION OF THE TRIAXIAL CHAMBER
The test chamber can be used to control 
stresses at the specimen boundaries in both 
vertical and horizontal directions. A 
cross-section of the chamber is shown in 
Fig.1.
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GENERAL LAYOUT OF THE TRIAXIAL
Vertical stresses are applied to the 
specimen via a pressure diaphragm in the 
base of the chamber. This diaphragm is 
filled with water and pressure is applied 
by means of an air-water pressure system. 
This compresses the sand specimen against 
the top platen. A stainless steel drainage 
tube is fixed to the centre of the diaphragm 
and emerges from the bottom plate through 
a brass bushing. Vertical movement of the 
specimen is measured by means of a dial 
gauge mounted on this tube underneath the 
chamber.
Lateral stresses are applied by increas­
ing the pressure of the water surrounding 
the specimen, which is enclosed in a 1.2mm 
thick latex rubber membrane. The vertical 
and horizontal stresses are measured by 
means of two electrical pressure transducers 
which are fixed to the outer cylinder wall 
and the bottom plate. These pressures are 
read on digital readout units. A 50mm 
diameter hole is provided in the top platen. 
During consolidation of the specimen a plug 
seals this hole. A pressure transducer is 
mounted into this plug in order to measure 
pore water pressures provided by suction at 
the bottom during specimen preparation, 
and during consolidation. At the end of 
consolidation of the specimen along the 
desired stress paths, this plug is removed 
and replaced by another plug with a 22mm 
diameter hole through it. Through this 
hole the dynamic penetration testing is 
carried out.
The chamber was designed to contain 
saturated and dry sand specimens. To 
prepare saturated specimens, the rubber 
membrane is fixed with two Jubilee clips 
to the angle ring at the bottom of the 
chamber. The specimen former is then 
placed in position with the rubber membrane 
pulled up inside it and overlapped around 
the top of the former. The former with 
the membrane inside is then filled with 
water and the "sieve" lowered inside until 
it touches the base. This "sieve" has a 
diameter equal to that of the specimen and 
has equi-distant holes designed to achieve 
homogeneous specimens in suitable periods. 
Sand is then lowered onto the sieve by 
means of hand scoops. When the sieve is 
filled with sand, it is raised very slowly 
to a height equal to that of the sieve 
(150mm). This procedure is repeated until 
the desired height of the specimen is 
achieved. The sieve is then removed and 
the top platen lowered into position. The 
rubber membrane is fixed to it by means of 
two Jubilee clips. Before removing the 
specimen former, a suction of about 25kN/m^ 
is applied to the bottom of the specimen by 
means of a vacuum pump. Once the pore 
pressure transducer in the plug indicates 
that the vacuum has extended to the top of 
the specimen, the former may be removed.
The space around the specimen is now filled 
with water to the top of the specimen and 
the top cover is placed into position and 
bolted to the outer cylinder. The top 
platen of the specimen is sealed against 
the top cover. Vertical and horizontal 
stresses are then applied to the specimen 
in order to achieve a desired stress path. 
During application of these stresses read­
ings are made of the volume change and the 
vertical movement of the specimen during 
consolidation. At the end of the consol­
idation of the specimen to the desired 
stress path, penetration testing can be 
carried out.
THE PENETROMETER
The penetrometer is shown in Fig.2. It 
consists of a 20mm diameter by 200mm long 
60° cone ended stainless steel probe mounte 
on 15mm diameter stainless steel rods. Th 
cone end of the penetrometer is formed of 
porous carborundum, and behind this tip is 
mounted a Druck (PDCR 81) 7 bar miniature 
pore pressure transducer. The penetrometer 
is driven into the sand using a free fall 
automatic trip-hammer which allows a 10kg 
weight to fall freely through 431mm onto a 
striker plate screwed to the top of the
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FIGURE 3. GRADING OF SAND
FIGURE 2. PENETROMETER TIP
penetrometer rods. Its design is a small 
scale version of the trip hammers commonly 
in use in site investigation in the U.K.
The weight and height of drop of the 
hammer were initially estimated on the basis 
of dimensional analysis to give a similar 
range of 'N' values as is. achieved by the 
full scale SPT. Blow counts for the 164mm 
penetration distance given by this analysis 
have ranged between 2 and 27 for fine sand 
under low confining pressures.
The response of the tip to pore pressure 
changes in the surrounding soil is clearly 
of crucial importance. The PDCR 81 
diaphragm has a volume take of 1.7 x 10“ ^ 
cm^/bar, and the porous ceramic has an 
estimated conductance of 8.3 x 10“ ^ 
cm^/bar/s. The carborundum tip presents 
a much lower resistance to flow, having a 
measured conductance of 4.8cm^/bar/s.. 
Assuming that all water flowing into the 
device, as a result of both the flexure of 
the transducer diaphragm and the compression 
of the water within the system, must flow 
through both the carborundum tip and the 
transducer ceramic, the time for 95% 
equalization of the device was very 
conservatively estimated as better than 
0.2ms.
Three recording devices were used. The 
transducer was linked through an IEEE - 488 
compatible strain gauge amplifier to a 
storage oscilloscope, a chart recorder, and 
a minicomputer. This system allowed the 
acquisition of both the rapid and slow 
transient pressures.
THE SAND SPECIMENS
The soil used in the experiments described 
below was subangular uniform fine quartz 
sand. (Leighton Buzzard, 100 - 200 mesh) 
(Figure 3). The sand was sedimented through 
water using three techniques in order to 
provide loose, medium dense, dense and very 
dense specimens, as follows:
Method 1 Height of fall of sand kept to 
a minimum by slowly raising the 
sieve. Typical relative 
density 25%
Method 2 Sieve raised in 15cm lifts,
giving a maximum height of fall 
of 15cm. Typical relative 
density 40%
Method 3 Sand placed as in Method 2,
and compacted in three layers 
using a poker vibrator. Typical 
relative density 75 - 95%
The minimum and maximum densities for the 
sand were determined according to the 
methods given by ASTM D2049 and Akroyd 
(1957) respectively. These were 
yd min = 1.33 Mg/m^ 
yd max = 1.65 Mg/m^
After sedimentation, specimens were subjected 
to either isotropic or KQ stress increases. 
Some specimens were tested when normally 
consolidated, whilst others were over­
consolidated. With the exception of one 
test, the final effective vertical stress 
level was between 50 and 65kN/m2. One 
test was carried out with ov t = 200kN/m2 
and o^t = 118kN/m^ to judge the effect of 
stress level on pore pressure response.
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Table 1. Summary of pore pressure responses observed during dynamic 
penetration testing in a fine sand
Pore water pressure Relative density before test (%)
magnitude and elapsed
time 0 - 3 5  3 5 - 8 5  85 - 100
Typical Values
1st peak kN/m^ +40 to +60 -40 to -80 -40 to -50
ms (5), 20 3 to 10 10
2nd peak kN/m^ - +40 to +60 -
20 to 30
Maximum Values
1st peak kN/m^ (-100), +64 -100 -82
2nd peak kN/m^ - +64
TEST RESULTS
A summary of the test results is given in 
Table 1. Typical shapes of pore pressure 
curves generated during single blows during 
various, tests are shown in Fig.4. These 
figures were traced directly from photo­
graphs taken of the oscilloscope screen 
during each blow in the testing. The 
results were analysed by studying groups of 
photographs in each test. The results have 
shown that large pore pressures are 
generated, and that the general pattern and 
duration from moment of impact to signif­
icant dissipation differ considerably in 
the various tests. There seem no signif­
icant differences, however, in the 
magnitude of pore pressures in the various 
tests. The effects of the relative density, 
confining pressures and overconsolidation 
on the pore pressures are discussed below.
Relative density has a noticeable effect 
on the pore pressures generated during 
dynamic penetration tests, Table 1, as 
postulated by Terzaghi and Peck. However, 
in more than 300 observations of the pore 
pressures during driving it has been 
observed that
(a) the pore pressure response is 
broadly similar over the range of relative 
density between about 35% and 85%, and
(b) all tests show very rapid 
fluctuations in pore pressure in the 
initial part of the record, which are 
probably associated with rolling and sliding 
of soil particles during shear.
In the relative density range 35-85%, for 
the fine sand tested, pore pressures were 
initially negative for a period of about 
6-15ms, after which they became positive. 
(Figure 4(b) and (c)). The peak negative 
pressures typically had a magnitude of 
40-80kN/m^ and occurred some 3-10ms after 
impact. Peak positive pressures typically
o
had a magnitude of 40-60kN/m and occurred 
some 20-30ms after impact.
In very dense specimens mainly negative 
pore pressures were generated by penetromete 
driving. In any one specimen the blow to 
blow response was very much more uniform 
than in the case of medium dense and dense 
sand specimens. Typical peak pore pressures 
had a magnitude of 40-50kN/m^ and occurred 
some 15ms after impact (Figure 4(e) and (f)).
The pore pressure changes for both medium 
dense to dense and for very dense sand are 
similar in trend to those observed at the 
side of a 20mm dia. model steel pile by 
Moller and Bergdahl (1981), who used a fine 
sand with a particle size "mainly between 
0.125mm and 0.25mm".
The magnitude of the pressure changes in 
very dense sand reported here are, however, 
much greater than those of Mb'Her and 
Bergdahl (cf. 40-50kN/m^ and 10-20kN/m^), 
whilst in medium dense to dense sand the 
peak pore pressures were generally slightly 
larger, and could be considerably larger 
(cf. -80kN/m and -50kN/m^, +60kN/m^ and 
+20kN/m^). Furthermore, the times to peak 
pressure in our experiments are longer than 
those reported by Moller and Bergdahl.
In loose sands (relative density 20-35%) 
pore pressures could show some rapid 
negative movement, but generally they 
became strongly positive immediately after 
impact, (Fig.4(a)). In both the specimens 
prepared loose, liquefaction occurred 
beneath the penetrometer during testing and 
was followed by a rapid unchecked downward 
penetrometer movement and the boiling of 
sand through the specimen top plate. In 
these cases, peak positive pore pressure 
changes of 60-65kN/m^ were measured in a 
sand which initially had horizontal effect­
ive stresses of 30-32kN/m^ and vertical 
effective stresses of 60-62kN/m^. The 
pore pressures created by blows before
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u (kN/m1
-5 0 -
(q) test 17/6. 0.C.R =1 (b) test 16/6. O.C.R.=2
Dr=27%. <v=60kN/nf Dr=A1% cr;=50kN/ma
considerably longer. In test 17, for 
example, the pore pressures of the initial 
four blows dissipated to lkN/m^ within 2.0 
to 2.5s. Pore pressures generated by blow 
5 lasted for about 11s, while the lique­
faction under blow 6 gave pore pressures 
which took some 50s to dissipate. Whilst 
overconsolidation (and horizontal effective 
stress) had no noticeable effect on either 
the magnitude or duration of pore pressures, 
it was observed that the duration of pore 
pressures was significantly shorter when 
specimens of similar relative density were 
tested under higher effective stress levels, 
compare Figs. 4(c) and 4(d).
u (kN/mz) u(kN/ma
■50-
-5 0 -
20ms
1 ^ —
20ms
(c) test 15/9. 0.C.R = L (d) test U/10. O.C.R.= 1 
Dr=/*0%. o-J=50kN/nf Dr=A0%. ov,=200kNArf
u (kN/m'
50- 50-
-5 0 -
20ms 20ms
(e) test 13/20.0.C.R.=5 (f) test 19/19. O.C.R.=1
Dr=100%. o^=62kN/rrf Dr=93%. o^=60kN/nf
FIGURE 4. TYPICAL PORE PRESSURE CURVES
liquefaction occurred had values ranging 
from 20kN/m^ to 56kN/m^.
The decay of pore pressures as they 
dissipated through the sand was not as 
rapid as might be expected. Oscilloscope 
traces typically indicated that at least 
90% dissipation would occur between 25ms 
and 80ms after"impact but chart recorder 
output indicated that dissipation to within 
lkN/m of equilibrium pressure could take
CONCLUSIONS
(i) large pore water pressures have 
been observed during dynamic penetration 
testing
(ii) the pattern of pore pressure 
response is significantly affected by the 
relative density of the specimen
(iii) local liquefaction can be induced 
by dynamic penetration testing, if the 
relative density and effective confining 
pressures are low.
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Colas Roads continue their develop­
ment of high performance surfacings 
with the introduction of Colas Pre­
formed, a revolutionary, cold-applied, 
ready-for-use surface dressing carpet, 
supplied in rolls, and particularly suit­
able for small sites or those w ith  dif­
ficult access. Colas Pre-formed may 
be cut to shape on site and laid by 
unskilled labour. It incorporates a 
high-performance internal scrim/mesh 
to reinforce the strength of the special 
polymer/bitumen binder into which 
chippings of 3m m  or 6m m  are 
bedded.
Colas Pre-formed is an important 
addition to the fast developing Colas 
range of new products, and joins 
Erophalt (thermosetting epoxy bitumen 
binder) and Surfix 80  (polymer/ 
emulsion surface dressing) as recent 
introductions to help the highway 
material engineer solve well- 
documented problems.
Shellgrip has earned a world-wide  
reputation for anti-skid treatm ent on 
high-stress sites.
Colas Roads continue to offer their 
successful range of bitumen emulsion 
products to BS434, together w ith  
unique new items such as Rotolite, a 
non-energy-using traffic warning 
device to replace the flashing beacon, 
and Bitukold, a cold-applied jointing 
bitumen for the vertical faces of hot- 
rolled asphalt and macadam joints.
Colas Roads are a division of Colas 
Products Limited of Galvin Road, 
Slough, Berkshire SL1 4DL. Tel: 
Slough 71551.
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The S.P.T. and Foundation Settlements
— Recent Developments
C.R.I. Clayton, PhD., BSc., MSc., DIC., M ICE., FGS., FIHE., S.S. Dikran. BSc., MSc., and J. Milititsky, MSc.
Description of the SPT Apparatus 
and Procedure
The "Standard Penetration Test" is in 
almost exclusive use in the UK to 
assess the properties of granular 
soils. Its principal purposes are to 
assess the relative density of the soil, 
and to provide information concerning 
compressibility. In the second ap­
plication, the results of the test are 
used to obtain the settlements of 
footings, and errors in these settle­
ments imply errors in the magnitude 
of expected differential settlements. 
Therefore it is important to assess 
the accuracy with which total settle­
ments can be predicted, since the 
implied differential settlements will 
have direct bearing on the calculated 
structural stresses and movements.
The SPT apparatus (BS 1377:1975) 
consists of a hollow 50m m  tube, 
tapered at its lower end, and split 
longitudinally. This "split spoon" is 
lowered to the bottom of a borehole 
on rods, and driven into the ground 
by repeated blows of a standard 
weight falling through a fixed distance. 
In the UK it is normal to count the 
number of blows for each 75m m  of a 
450m m  penetration. Since material 
at the bottom of the borehole will 
have been loosened by the action of 
boring, the first two blow counts are 
discarded. The last four blow counts 
are added together to give the SPT 
'N' value.
In its original form (Fletcher(1965)) 
the dimensions of the split spoon 
were not standardised. At the present 
time the method of lifting and drop­
ping the weight varies from country 
to country. In the UK- drilling con­
tractors use an automatic trip hammer 
(the "monkey"), which gives a rela­
tively free fall. The test is normally 
performed in a borehole with a mini­
mum inside diameter of 1 50m m , and 
it is common forthe borehole diameter 
to be 200m m .
Factors Affecting the Results of 
SPT
The 'N' value obtained from the SPT 
test may be affected by a very large 
number of factors. (For a concise 
view, see Talbot (1 981) and Milititsky, 
Clayton, Talbot and Dikran (1982)). 
The factors fall into four main groups: 
Ground conditions; Split spoon de­
tail; Boring techniques and Test 
methods.
In an ideal test, only the first 
group, the ground conditions, should 
affect the results. For the particular 
application considered here (i.e. 
assessing the compressibility of the
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The Standard Penetration Test (SPT) is 
an a d  h o c  test for the assessment of 
the properties of granular soils. Intro­
duced in the 1900s the test was poorly 
standardised and its ability to give 
reliable assessments of settlements 
beneath foundations was not proven. 
Because of the relative simplicity and 
ruggedness of the apparatus the test 
has been adopted over much of the 
world. In recent years attempts have 
been made to standardise the tost 
apparatus and procedure. At the same 
time comparisons between observed 
and predicted settlements have led to 
the development of n e w ’methods of 
prediction. In this Paper the authors 
discuss the problems of the test method; 
and show how the study of case 
records has improved the chances of 
making reliable settlement predictions.
2 THE HIGHWAY ENGINEER JUNE 1983
soil) the factors which affect the SPT 
'N' value should have a similar in­
fluence on the compressibility of the 
soil (see later). Ground conditions 
which are known to affect the SPT'N ' 
value include soil type (i.e. particle 
size distribution), relative density, 
overburden pressure and the pore 
water pressures generated during 
driving (Terzaghi and Peck (1948), 
Gibbs and Holtz (1957), Clayton and 
Dikran (1982)). Unfortunately, the 
experimental problems of making 
uniform granular soil specimens of 
sufficiently large size in the laboratory 
have meant that experimental pro­
gress has, to date, been slow. The 
precise interrelationship of the ground 
conditions with the resulting SPT'N ' 
value remains unknown.
W hen considering the effect of 
ground conditions on the SPT 'N' 
value, the use of case records seems 
attractive. There remains, however, 
the problem that the design and 
condition of the split spoon, the 
method of boring, and the SPT test 
methods itself, can all have a marked 
influence on the 'N' value. At the 
present, the split spoon designs used 
in Europe, North America and Latin 
America are similar but not identical. 
The method of dropping the weight 
varies very greatly (a cathead being 
used in the Americas), and its effect 
can be large (Serota and Lowther 
(1 973), Kovacs (1981)). The method 
used to bore the hole varies from 
country to country, and has a most 
significant (although often unpredict­
able) effect on the 'N' values. All 
these factors may not only affect the 
reliability of future predictions, but 
are also built in to the methods of 
calculating settlements that already 
exist.
Factors Affecting the Compres­
sibility of Granular Soils
Early studies relating to the compres­
sibility of granular soils were focused 
on the two most important factors 
which affect the compressibility. 
These are the density and the over­
burden pressure. And indeed many 
empirical relationships which are still 
in use at the present consider only 
these two factors. (For example 
Terzaghi and Peck (1948)). More 
recently, however, knowledge of this 
matter has increased considerably 
and in fact research has brought to 
light numerous factors which affect 
compressibility.
The factors which affect the com­
pressibility of granular soils can be 
considered in two groups (Daramola 
(1 978 )):-
Stress-dependent factors: It has 
been found by many workers that the 
states of stress in granular soils have 
a great influence on the compres­
sibility of granular soils. Stress 
dependent factors can be divided 
into the following groups:— 
Consolidation pressure: It has been 
shown by many workers that com­
pressibility of granular soils is 
inversely proportional to the square 
of consolidation pressure i.e. the 
higher the consolidation pressure,
the lower the compressibility. 
Consolidation history: The effect of 
preconsolidation is to decrease the 
compressibility of granular soils. 
Preloading has the effect of inter­
locking and prestressing the particles 
and after removal of the loads, the 
"locked-in" stresses have an im­
portant influence on the behaviour of 
the deposit.
Shear stress level: Shear stress hist­
ory, stress path and intermediate 
principal stresses: The compressi­
bility of a granular soil is a function 
not only of the current stress level 
and the over-consolidation ratio, but 
also of the stress path by which the 
soil has arrived at its current state of 
stress.
Material-dependent factors: Such 
as relative density, particle properties 
(shape, size and minerology), 
cementation and/or structure, the 
presence of fines, anisotropy and 
heterogeneity.
Relative density: Relative density 
defines the state of density in relation 
to the loosest and densest conditions 
for a given soil. This is certainly the 
most important factor controlling 
compressibility increases and vice 
as the relative density decreases, the 
comprssibility increases and vice 
versa.
Particle properties: It has been found 
that the shape, elastic deformation 
and the strength of individual particles 
which form the soil mass have an 
effect on the deformation behaviour 
of granular soils.
Cementation: W hen individual par­
ticles in a soil mass bond together to 
form a skeletal mass, this mass be­
haves in a more rigid way than if the 
mass were not bonded together. A 
cemented granular deposit is less 
compressible than a non-cemented 
one.
Anisotropy and Heterogeneity: Very 
little work has been done concerning 
this topic. It is thought that although 
the effects are complex, they may 
have an important role in the be­
haviour of granular deposits.
Early Methods of Prediction 
At least 20  methods of calculation 
using SPT results have been pro­
posed for the prediction of settle­
ments in granular material. (See 
Sutherland (1 975), Talbot (1981) or 
Milititsky e fa /(1  982) for a summary). 
These methods are generally not 
intended for use on large foundations 
(i.e. widths greater than about 20m).
The first attempt to use SPT results 
to estimate settlements was made by 
Terzaghi (1947). The chart given by 
Terzaghi and Peck (1 948) is identical 
to the original one. The chart was 
prepared on the basis of available 
data on the behaviour of surface 
plate load tests and very limited data 
on the settlements of existing build­
ings (there are no specific references 
to existing structures in the original 
work). According to Terzaghi (1947) 
the chart was based on the most 
unfavourable relationship between 
SPT results and the settlement at a 
given unit load. Bazaraa (1967) re­
ports that the chart was generated by 
plotting relationships between 'N' 
and P/S, for the results of available 
(0.30m  diameter) plate load tests. 
After predicting the settlement of the 
1 ft plate S1 they extrapolated to a 
foundation of width B (ft) using the 
relationship.
- 4 ^ ] ’ ,1.
The charts presented by Terzaghi 
and Peck are actually for allowable 
bearing pressure for different breadths 
of foundations for a settlement of 
1 in. (25mm) for different'N ' values. It 
is assumed that the water table is 
present at considerable depth below  
the base of the footing. Any rise in 
the water table from such depths 
(greater than 2B), to the level of the 
base of the footing would, suggested 
Terzaghi (1947), increase the settle­
ment by up to 100 per cent.
A shortcoming of the used ex­
trapolation (Eq.1) has been noted by 
Bjerrum and Eggestad (1963) and 
Sutherland (1975). They showed 
that, for some cases, the extrapolated 
(predicted) settlements were very 
much smaller than the observed 
settlements.
Terzaghi and Peck (1948) observed 
that in very fine or silty sand, the 'N' 
values may change at the upper 
boundary of the zone of complete 
saturation. If the sand is loose, the 'N' 
value decreases below this boundary; 
if it is dense, it increases very con­
siderably, due to the relatively low  
permeability of these soils. They 
recommend a correction to the blow 
count. When 'N' is greater than 1 5, it 
should be assumed that
N' =  15 + y ( N  —  15) (2)
The method proposed by Alpan 
(1964) is based on the prediction of 
the settlement of an 0 .30m  square 
plate at foundation level, using 'N' 
values corrected for effective over­
burden pressure and relative density 
related empirically to the elastic 
modulus of the soil. This predicted 
settlement of the plate is then extra­
polated to that of the real foundation, 
equation. Examining the earlier work 
of Terzaghi and Peck (1948), 
Meyerhof (1956) presented the 
Terzaghi and Peck chart in the form 
of three equations. He also suggested 
that no allowance need be made for 
the ground water table, as its in­
fluence should be reflected by the 
SPT results obtained. It was sug­
gested that the computed allowable 
bearing capacity could be increased 
by 50 per cent.
In 1967 Terzaghi and Peck pre­
sented a similar method to that pro­
posed in 1948, omitting specific 
references to the correction for dense 
fine granular soils beneath the water 
table.
Using the Terzaghi and Peck ap­
proach, a series of minor adjust­
ments and modifications has been 
proposed by Tomlinson (1969), in 
order to obtain a better agreement
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between predicted and observed 
settlement.
Recent Methods of Prediction 
Shultze and Sherif (1973)
Using statistical correlation between 
SPT and recorded settlements, as­
sessing the correlation factors for 
depth of embedment, size of loaded 
area, thickness of granular layer, 
Shultze and Sherif (1977) proposed 
a method, using a linearelastic model, 
of estimating the settlement of shallow 
foundations in granular soils. Out of 
the 48  cases used in the research, 
just 15 made use of SPT testing. The 
others used quasi-static (Dutch) cone 
results transformed into SPT values 
using empirical relationships. The 
design method is shown in Figure 1. 
W hen the granular layer extends to 
a depth of less than 2B below the 
base of the foundations, Schultze 
and Sherif suggest the use of the 
reduction factors shown in the Table 
to Figure 1.
Burland, Broms and de M e llo (1977 )
A collection of case histories was 
presented and the authors defined 
upper limits for medium dense and 
dense and a tentative upper limit for 
loose material. They suggested that 
for routine design, the chart (Figure 
2) could be used as a guide. Probable 
settlement of the medium dense or 
dense material might be taken as half 
the upper limit values.
Expressing the upper limit bound­
aries as a function of the breadth of 
the foundation (B in metres), the 
following equations are obtained:
Loose (N <  10) &max. =  q (0 .3 2 B '” ) (3)
M edium  dense (1 0  <  N <  3 0 ) Smax. =  q (0 .0 7 B o:1) (4)
Dense (N >  3 0 ) bm ax. =  q (0 .3 5 B 1” ) (5)
Smax. =  upper lim it in settlem ent (mm) 
fcprobable =,/ 2bM ax. 
q =  applied pressure (k N /m 2)
The N value to be considered as 
the definition of the ground state 
(loose, medium dense or dense) is 
the average between foundation level 
and a depth equal to 1.5B below  
foundation level.
Assessment of Accuracy  
In order to try to assess the useful­
ness of the methods described above 
forthe design of footings on granular 
soils, predictions of settlements have 
been made for 12 case records taken 
from the literature.
The case records chosen were 
obtained from Meigh and Nixon 
(1961), Schultze (1962), Baker 
(1965), D'Appolonia e t  a t  (1968), 
Levy and Morton (1975) and Stuart 
and Graham (1975).
From a purely academic standpoint 
an assessment of the accuracy of a 
method of prediction can reasonably 
be made solely on the basis of the 
ratios between observed and cal-
ds / B > 2
001
0-5 1
N ° '87( 1 + 0-4 D / B  ) 
N  -  Average SPT 
p = Settlement (mm)
 1 -1 ..  I I I L _ 1
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N s ^ l 2 5 100
1-5 0-91 0-89 0-87 0-85
1-0 0-75 0-72 0-69 0-65
0-5 0-52 0A8 0A3 0-39
2 3 A 5 10 20 30 50
Breadth B ( m )
FIGURE 1. SCHULTZE AND SHERIF’S (1973) METHOD
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Figure 2. Observed settlem ent of footings on sand of various densities 
(Burland, Broms & de M ello, 1977).
culated settlements, where over­
prediction is as undesirable as under- 
predicting and the magnitude of the 
observed settlement is not con­
sidered. For the practising engineer 
however, the following criteria are 
likely to be more relevant:—
Over-prediction of settlement is 
better than under-prediction. For 
example, consider a number of case 
records analysed by two particular 
methods of settlement prediction. 
The results obtained were:
Method 1 certainly appears to give
Ratio (Calculated Settlem ent/O bserved Settlem ent)
Average Range %  Underestim ated
M ethod 1 1 .35 0 .42 - 3 .00  42
M ethod 2  4 .27  1 .1 5 -10 .00  0
Predicted Total Settlem ent Desirable range of Observed
(mm) Settlem ent (mm)
1 0.1 -  5 .0
5 1 . 0 -  15.0
10 2.5 -  20 .0
30 1 2 .0  -  4 0 .0
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a better prediction of settlementthan  
Method 2, but it does not give par­
ticularly desirable results from the 
designer's point of view. The observed 
settlements may be up to 2 .4  times 
the predicted values, and since maxi­
mum differential settlements are likely 
to be related to the maximum total 
settlement, bending moments in the 
structure will increase proportionately. 
Thus, in the case of a structure 
particularly sensitive to differential 
settlement, the designer might well 
prefer to use a less accurate pre­
diction method, and accept the loss 
of economy in design in exchange for 
a safer prediction. For the designer, 
the ideal method must tend to over­
predict. The average ratio of ob­
served to calculated settlements for 
a number of case records is of 
secondary importance.
A high degree of accuracy is not 
important if predicted settlements 
are small. The observed settlements 
for footings in granular soils are 
generally in the range 0  — 30m m , for 
foundations up to 10m wide. If the 
predicted settlement is small (of the 
order of 2mm or less) then ratios of 
observed to predicted settlements 
may be large. If, however, the pre­
dicted settlements were as large as 
30m m  it is clearly desirable to use a 
prediction method where the ratio of 
observed to predicted settlement is 
never greater than about 1.3.
On the basis of the engineering 
judgements discussed above, the 
following limits are considered to be 
reasonable for framed structures:
These limits are superimposed on 
Figures 3 to 6 which are discussed 
below.
In attempting to assess the ac­
curacy of the four methods considered 
in this Paper, some major problems 
arise. Case records for the settle­
ment of structures on spread foot­
ings on granular soil are not common. 
W here available, they do not often 
comprise a foundation with granular 
soil for the entire stressed depth 
below founding level. In order to find 
cases where this condition is met it 
is necessary to use records from a 
number of countries. This introduces 
a major variable, because of the 
effects of non-standardisation of dril­
ling and testing techniques from 
country to country. It is therefore 
likely that regional studies of the 
accuracy of prediction would yield 
better results than are given in this 
Paper. Clearly, when assessing any 
method of prediction, the case record 
used to develop the method cannot 
be used. Therefore the monitoring of 
the settlements of local structures is 
important.
The results of our calculations are 
shown in Table 1, and Figures 3 to 6. 
Terzaghi and Peck's method, as might 
be expected, is conservative and
o Terzaghi 
v Terzaghi
& Peck (1948 )
& Peck modified 
Meyerhof (1956)
a, 2-0
i
50 Predicted 
settlement 
( mm)
o
Figure 3. Accuracy of settlement prediction (Terzaghi & Peck, 1948 &  
Meyerhof, 1956).
10*0
8-0
6-0
50 Predicted 
settlement 
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TJ
0-2
Figure 4. Accuracy of settlement prediction (Alpan, 1964).
rather inaccurate. Figure 3 shows 
that in our cases it never under­
estimated the observed settlements, 
but this is not necessarily always the 
case. For very wide structures (for an 
example, see Bratchell, Leggatt and 
Simons (1 975)) the method can lead 
to underpredictions because it incor­
porates equation 1. For a flexible 
foundation on a uniform semi-infinite
elastic half-space, settlem ent would 
be directlyproportional to width (i.e. 
SB=  B&J while Schultze and Sherif's 
equation indicates, on average, 
&B =  v / B.f>,.
The modifications made by 
Meyerhof to Terzaghi and Peck's 
method seem principally to have 
reduced the predicted settlements 
(and thus the conservatism of the
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+ Value without depth correction, 
x Predicted x 1*25 ( inc. depth correction.
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Figure 5. Accuracy of settlement prediction (Schultze and Sherif, 1973).
©"Probable settlement" 
+ "Upper limit value"10-08-0
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Predicted
settlement
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Figure 6. Accuracy of settlement prediction (Burland, Broms & de Mello,
method), without improving its ac­
curacy. Indeed, the vertical spread of 
points on Figure 3 becomes some­
what larger.
Alpan's method generally gave 
better results than either Terzaghi 
and Peck's method, or Meyerhof's 
modification of that method. Un­
fortunately, however, the method may 
still significantly overpredict settle­
ments under certain circumstances. 
Observed settlements for the case 
records we investigated were in the 
range 1.5 to 21.5m m , but on two 
occasions, Alpan's method yielded 
large predictions (68m m, 70mm). 
This appears to be as a result of the 
water table correction and shape 
factor suggested by Alpan.
Schultze and Sherif s method at 
present appears to be the best suited 
for predictions of settlement of 
foundations on granular soils. Table 
1 shows that, on average, the ratio of 
predicted to observed settlements 
was 1.02, and the range was com­
parable to that expected from pre­
diction methods using the quasi­
static (Dutch) cone. (e.g. Clayton, 
Simons and Matthews (1982), p.240). 
This method underpredicted the 
settlements in a larger proportion of 
cases than the other methods and it 
is possible that, for design purposes, 
it might prove preferable to increase 
the predicted settlements by, say, 
25 per cent. This reduces the under­
predictions to 25 per cent, compared 
with 58 per cent using the full pro­
cedure described by Schultze and 
Sherif.
The use of Burland, Broms and de 
Mello's chart does not give as good 
results as Schultze and Sherif (com­
pare Figures 5 and 6), but the 
"expected" values approximately fall 
within our suggested limits of ac­
curacy. Since the authors did not 
suggest the method we have used for 
predicting the absolute value of 
settlements, this must be seen to be 
encouraging. It indicates that the 
regional acquisition of settlement 
observations for granular soils on 
this basis may lead to significant im­
provements in predictions, and should 
encourage engineers to refine their 
own predictions by monitoring struc­
tures and organising their observations.
CONCLUSIONS AND  
RECOMMENDATIONS
The load-deformation behaviour of 
granular soils can be influenced by 
numerous factors, which may be 
either material or stress dependent. 
Appropriate theoretical models to 
describe the influence of these factors 
on compressibility are not available.
In everyday design, the SPT 'N' 
value is used to predict settlements, 
and may be the only information 
available to provide soil parameters. 
When the factors affecting the SPT
1977).
test are compared with those which 
are thought to affect soil compres­
sibility significantly, it seems un­
likely that the results of such a test 
can produce accurate predictions of 
foundation settlement. As has been 
seen, the available methods currently 
used to predict the settlement of 
shallow foundations on granular soils 
may be in error up to 10 times. Thus 
methods using SPT results must 
generally be seen and treated as
empirical correlations.
The foundation designer must 
understand the methods as "or­
ganised experience" and try to assess 
their applicability to any new situa­
tions. W here possible, he should use 
more than one method of calculation.
Early techniques for the prediction 
of settlements from SPT 'N' values 
(e.g. Terzaghi and Peck (1948)) are 
relatively inaccurate, and cannot give 
predictions of settlements within ac­
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Method
Ratio of Predicted/Observed 
Settlement
Average Range Underestimates 
(% of cases)
Terzaghi and Peck (1948) 4.27 1 .1 5 -1 0 .0 0 0
Terzaghi and Peck modified by 
Meyerhof (1956)
2.25 0 .4 5 -  6.60 33
Alpan (1964) 1.71 0 .3 5 -  3.88 25
Schultze & Sherif (1973) 1.02 0.48 -  1.81 58
Burland, Broms & de Mello (19/7) 
"probable" values
1.48 0 .5 2 -  3.54 25
"upper limit" values 2.96 1 .0 9 -  7.08 0
ceptable limits for design purposes. 
Several techniques developed in the 
last 15 years provide appreciably 
better predictions (e.g. Alpan (1964)), 
Schulze and Sherif (1973)).
A good method of prediction should 
be simple, quick to use, and have 
acceptable accuracy. In our opinion 
"acceptable accuracy" for design 
means that such a method should 
tend to overpredict, and should have 
increasing accuracy as predicted 
settlement increases, in addition to 
having an acceptable range of the 
ratio (observed/predicted settlement) 
at any value of predicted settlement. 
On this basis "statistical" methods, 
such as those proposed by Schultze 
and Sherif (1973) and Burland, Broms 
and de Mello (1977), seem to rep­
resent an improvement in our ability 
to predict foundation, settlements. 
Because Schultze and Sherif's method 
has good average accuracy, we have 
suggested that for design, calculated 
settlements should be increased ar­
bitrarily in order to reduce the under­
prediction of settlements. The value 
of Burland, Broms and de Mello's 
work is that it points the way to 
improving predictions by organising 
settlement records and experience 
with local structures for regional soil 
conditions.
For the moment, based on our 
analysis of case studies not used in 
the development of these methods, 
the Schultze and Sherif method o f  
predicting settlements appears to be 
relatively accurate.
The growing evidence of improve­
ments in the ability of the SPT to 
make reasonable settlement pre­
dictions should give encouragement 
to all national soil mechanics 
societies to unify and standardise the 
procedure and apparatus used in the 
test worldwide. It should also en­
courage engineers to ensure that 
tests and borings are carried out to 
rigorous standards, and that the re­
sults of settlement predictions and 
observations are published so that 
further improvements can be made. 
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